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1. 
INTRODUCTION 
It is the purpose of this study to investigate and 
compare the nature of the inductive phenomenon for two 
mammalian hepatic enzymes, trytophan pyrrolase and benzpy-
rene hydroxylase. This study includes the determination 
of optimal assay conditions and distribution of enzyme in 
the liver. Because of the rather ample evidence suggest-
ing that the induced increases in activity of these two 
enzymes are due to de ~ synthesis of protein, a study 
has been made of the effect on induction of one carcino-
genic agent and of several carcinostatic agents, all of 
which are known to have profound effects on protein syn-
thesis in other systems. Finally, because of the indicated 
relationship between nucleic acids and protein synthesis, 
a study has been made of nucleic acid turnover during 
tryptophan pyrrolase induction by means of tracing the 
inco~poration of radioactive phosphorus into ribose- and 
deoxyribose nucleic acids (RNA and DNA). 
The studies undertaken in the present investigation 
afford the opportunity of not only gaining insight into 
the inductive phenomenon per se but also of examining the 
effects of various drugs on the inductive processes. Though 
the basic biochemical mechanisms of action of the great 
majority of drugs are not known today, the possibility exists 
many drugs may act by interacting with the cellular homeostatic 
2~ 
mechanisms which are responsible for maintenance of cellular 
constituents at concentrations optimal for normal cell 
function. One such homeostatic mechanism is the induction 
of the synthesis of enzymatically active protein. It is 
to be hoped that studies on the effect of drugs on enzyme 
induction may lead to development of our understanding of 
drug action. The reader is referred to a recent paper by 
Schuster (62b) in which the author reviews the progress in 
the field of drug-induced enzyme repression and de-repression 
(induction) and discusses the possible role of these changes 
in the mechanism of drug action. 
3. 
BACKGROUND INFORMATION AND REVIEW OF THE LITERATURE 
A useful hypothesis of modern genetics is that the 
genes are the primary determinants of a given cell!s 
allowance of proteins (35, 36, 45). There are, however, 
other determinants of this protein allowance which, although 
secondary to genetic control, are of import in the considera-
tion of the mechanism of protein synthesis. There are at 
least three sufficiently delineated phenomena which exemplify 
such secondary determinants (32): 
(1) Specific antibody synthesis in response to 
exposure of a cell to a given antigen, 
(2) Repression of enzyme synthesis, 
(3) Induction of enzyme synthesis. 
This thesis is involved essentially with the third 
listed phenomenon, enzyme induction, and a fairly extensive 
review of this field follows. 
According to Pollock (58) "enzymic adaptation" is an 
. . 
older term indicating a change in the enzymatic activities of 
a cell produced either with or without alteration of genetic 
constitution and implying a teleological role of survival. 
He proposes that, for those special cases of enzymic adapta-
tion where there is good reason for believing that the in-
creases in enzymatic activity do correspond to increases in the 
amount of an enzymatically active protein within a genetically 
unaltered cell, the term induced enzyme formation, or enzyme 
induction, be used. This terminology.implies no increased 
fitness of the cell and as Knox states, 11mechanism is indif-
' ferent to purpose." {41) Thus, enzyme induction may be 
4. 
formally defined as an increase in~the cellular content of a 
given enzyme due specifically to an increased rate of 
synthesis relative to the rate of synthesis of total cellular 
protein. The phenomenon must result from exposure of the 
cells to exogenous chemical compounds and must occur within 
the limits set by the cell's own genetic potentials. This 
definition does not necessarily imply any increase in fit-
ness of the cell. The exogenous compound is referred to as 
the 11 inducer" and the enzyme is said to'be "inducible 11 (9). 
• • < 
Enzyme synthesis which takes place in the absence of an 
exogenous inducer is said to be ~'constitutive~' or ~'basal.~~ 
. . 
It should be further pointed out that not all constitutive 
enzymes are inducible. 
Enzyme Induction in Micro-organisms 
The vast majority of information on induced enzyme 
synthesis is derived from micro-organisms~ especially the 
bacteria.~ and is discussed in a number of recent reviews 
(32~ 41~ 58L No attempt will be made here to review 
exhaustively this great body of work. Only several salient 
features will be pointed out. 
The greatest contributions to the understanding of 
the mechanism of enzyme induction have come from the lab-
oratories of Monod and Cohn on the induced synthesis of 
beta-galactosidase in E. Coli. They have shown that: 
1. The inducer may be a substrate of the enzyme 
but does not necessarily have to be so. The 
5. 
inducer~ thus~ may be a competitive inhibitor 
of the enzyme and does not necessarily have 
to be metabolized by the enzyme. The implica-
tion here is that the inducer must have a 
certain structural feature giving to the 
molecule a specific affinity for the enzyme. 
2. Addition of the inducer to a growing culture 
of E. Coli results in an immediate increase 
in the rate of synthesis of beta-galactosidase 
relative to the rate of synthesis of bacterial 
mass (i.e.~ the differential rate of beta-
galactosidase synthesis) (54). The high dif-
ferential rate of synthesis remains constant 
as long as the inducer is present in the 
medium. However~ the induction effect is 
readily reversible~ since removal of the 
inducer immediately restores the differential 
rate of synthesis characteristic of the non-
induced state. 
3. The increase in enzyme activity following ex-
posure to the inducer was not due to changes 
in cellular permeability or co-factor concen-
trations since the enzyme was assayed in cell-
free extracts with optimal co-factor supple-
ments. Evidence was accumulated which indicated 
that the increased enzyme activity was due to 
6. 
de ~ synthesis of enzyme protein. The two 
main lines of evidence were as follows: first, 
it was shown that the increased enzyme activity 
following induction was proportional to an in-
crease in an antigenically active protein which 
was shown to possess beta-~alactosidase 
activity; and secondly in cells, which were 
previously grown on radioactive media so that 
all proteins were labelled, the beta-galac-
tosidase isolated following induction in a 
non-radioactive media contained essentially no 
radioactivity. This latter experiment negated 
the possibility that the enzyme induction was 
merely activation of pre-existing non-active 
protein. A further conclusion derived from 
radioactive labelling experiments was that the 
enzyme molecule was equally stable in the' 
absence as in the presence of inducer. This 
eliminated the possibility that the concentra-
tion of enzyme in a given cell was the result 
of a "dynamic equilibrium~' between synthesis 
. 
and degradation and that the increased enzyme 
following induction was merely a reflection of 
a stabilization (i.e., a decreased degradation) 
of synthesized protein by the inducer. 
7-
4. The number of enzyme forming units (RNA?) per 
cell remains constant during the induction 
process, i.e., the inducer does not change the 
rate of synthesis of enzyme forming units, but 
simply activates such units. 
5. The constitutive and induced enzyme are identi-
cal on the basis of antigenicity, turnover 
number, affinity for different substrates, 
sodium and potassium ion activation, and 
thermal inactivation. Furthermore, on the 
basis of genetic data, the conclusion is 
reached that the mechanism of synthesis of 
induced and constitutive enzyme does not 
differ. in its essentials -- that is, the same 
amino acids and the same mechanisms of ordering 
of such amino acias are employed in each case. 
This concept has come to be called the ?general 
unitary hypothesis for enzyme synthesis.~' (8) 
Within the framework of the facts listed above, many 
authors have put forth theories to explain the mechanism of 
enzyme induction at a molecular level. There are virtually 
as many theories as there are facts and for this reason no 
attempt will be made here to discuss them. For a critical 
evaluation of the theories currently in vogue see reference 
32. 
Enzyme Induction in Mammals 
In spite of the fact that the majority of the data 
on enzyme induction comes from bacterial studies, a sub-
stantial amount of information is available on mammalian 
enzyme induction. One of the earliest examples of mammalian 
enzyme induction was reported in 1896 when Walther (69) 
showed that the relative amounts of amylase and other enzymes 
secreted by the pancreas were altered by the diet in such a 
way that the enzyme acting on the major component of the diet 
was secreted in the highest amount. Another early paper was 
that of Lightbody and Kleinman (51) who in 1939 reasoned 
that the arginase content of the liver should be increased in 
animals fed high protein diets. They reasoned that in such 
animals there would be increased protein combustion, more 
ammonia production, greater need for the urea cycle, and 
hence a need for more arginase. This increased enzyme 
activity was readily demonstrated. 
Since these early papers a fairly extensive literature 
for mammalian systems has been built up. In 1956 Knox, 
. 
Auerbach and Lin (41) in a monumental review article critically 
evaluated some 700 papers purporting to be examples of enzyme 
induction (in the review article referred to as ~'metabolic 
. 
adaptations"). Once again it would not be worthwhile to 
. 
discuss the many specific examples cited in. Knox!~ paper. 
Of more import would be a discussion of those criteria which 
Knox established in evaluating the literature. 
8. 
As mentioned earlier, enzyme ind~ction is defined as 
an increase in the rate of synthesis of a given enzyme, that 
is, an increase in the amount of enzyme protein formed per 
given time unit. In ~he large majority of instances methods 
are not available for measuring the amount of an enzyme 
directly. The concentrati0n must then be determined by 
measurements of the activity. However, several strict 
criteria must be met before one can accept the fact that the 
activity measured is a reflection of the amount of specific 
enzyme protein present. Proof that activity is a measure of 
enzyme concentration can only be achieved by exclusion of all 
the imaginable ways that the activity of a constant amount of 
enzyme could be altered. Thus, as a minimum requirement the 
fqllowing criteria must be met: 
1. The assay should be conducted in a cell-fre·e 
homogenate or tissue extract to avoid any 
limitations of permeability • 
.. 
2. The conditions of the assay should be standard-
ized to provide or control all those factors 
known to qffect the particular enzyme reaction, 
so that it occurs at an optimal rate. 
3. The assay conditions must be such that the rate 
of reaction is proportional to the amount of 
the enzyme. 
4. Histological sections of the tissue should be 
made to eliminate the possibility that the 
change in enzyme concentration is due to a change 
in cell types within the whole tissue. It is 
9. 
usually assumed with the more stable tissues 
that the proportions of different cell types 
have not changed~ but gross changes in tissue 
composition can be ruled out more certainly by 
the use of histological sections. 
5. The increased enzyme activity following induc-
tion must be exhibited when expressed on a per 
cell basis. One convenient way of doing this 
is by expressing the activity per unit weight 
of DNA. In general a constant amount of DNA 
is thoug4t to be present in each somatic cell 
nucleus of a given species~ although the 
chromosome number may be quite variable (1). 
Thus the unit weight of DNA is a direct function 
of cell number. 
6. The increased enzyme activity must be demon-
strated to be due to synthesis of new enzyme. 
In spite of all these precautions~ one should still 
keep in mind the many ways that the activity of a given 
amount of enzyme can vary without invoking the existence of 
more enzyme molecules (62). 
Tryptophan Pyrrolase 
The one mammalian enzyme for which the most extensive 
and convincing evidence has been accumulated in favor of it 
being inducible is tryptophan pyrrolase (earlier called 
tryptophan peroxidase-oxidase in the literature). Since this 
10. 
thesis will deal predominantly with a study of the effect of 
various pharmacologic and physiologic agents on the induction 
' of tryptophan pyrrolase, an extensive review of this enzyme 
follows. 
Tryptophan pyrrolase is an enzyme, found only in the 
livers of animals so far studied (42) which catalyzes the 
oxidation of L-tryptophan to L-formyl kynurenine. This is 
the first step in the·major pathway of tryptophan degrada-
tion, leading eventually to the formation of nicotinic acid 
and to intermediates like kynurenine and xanthurenic acid. 
Recent evidence (31) indicatesi]'that tryptophan is metabolized 
by direct addition of oxygen a~ross the double bond of the 5 
membered pyrrole ring with s~sequent splitting of the ring 
structure; 
tryptophan peroxidase-oxidase. This name was chosen by Knox 
(42) on the basis of evidence which at the time indicated that 
the oxidation occurred via two distinct steps. First, there 
was thought to occur an addition of H2o2 across the pyrrole 
double bond to form an OH intermediate (peroxidase activity) 
and secondly a removal of 2H to be passed on to molecular o2 
regenerating H2o2 (oxidase activity). This mechanism is now 
known not to be true, thus the necessity for abandoning the 
.. , 
11. 
name tryptophan peroxidase oxidase. In 1959 Tanaka and Knox 
(66) showed the enzyme to be a heme containing protein which 
upon activation by H2o2 undergoes a Fe+++ (ic) to Fe++ (ous) 
valence change. The ferrous enzyme then directly passes o2 
on to tryptophan and splits the pyrrole rihg to form formyl 
kynurenine. 1 +++ 
CT E 1 FE · ENZYME ~~-:__IV __ -1----- __ jt-+i-20_z __ +_L-TIWPTZ'~YNL:-
ACTIVE I (FE+. ENZYME X KYNURENINE 
I +02 I ++ 
FE • 02 · ENZYME L·TRYPTOPHAN When Knox and Mehler first investigated this enzyme 
in mammalian liver in 1950-1 (42) they made the discovery 
that if they administered tryptophan to an animal several 
hours before sacrificeJ they were able to demonstrate ap-
proximately ten fold more enzyme activity in the livers of the 
treated animals than in the livers of control animals. Lee 
(46) has studied the kinetics of the increase in this enzyme 
activity in the rat and has shown that the initial rate of 
increase of activity was the same with increasing doses of 
tryptophan but that for progressively larger doses the rate of 
increase was maintained for progressively longer periods. 
Thus for each increase in dose of the amino acidJ the enzyme 
activity reached a higher maximum levelJ indicating a dose-
dependent phenomenon. The highest level of enzyme activity 
observed occurred 5 hours after the acute administration of 
tryptophan at a dose of 100 mg/100 gm. body weight. 
12. 
As has been mentioned above certain criteria must be 
adhered to in the assay of an enzyme such that one may assume 
that increases in activity of the enzyme may be equated with 
increased amounts of enzyme protein. Such criteria were 
rigidly adhered to in the assay of the pyrrolase enzyme by 
the above mentioned authors, leading to the conclusion that 
the increased enzyme activity seen following the administra-
tion of tryptophan was due to an increased enzyme content. 
There is even more direct evidence that this is so. For 
example, Gros et al. (28) showed a six-fold increase in 
the incorporation of radioactive labelled valine into the 
partially purified hepatic fraction containing the pyrrolase 
enzyme following the administration of tryptophan to rats and 
rabbits. The uptake of radioactivity into other purified 
hepatic enzyme proteins and into se~ proteins remained un-
changed from controls during the same time interval. Other 
pieces of corroborating evidence come from the work of Price 
and Dietrich (59) and from Knox (38). These authors were in-
terested in studying the indu9tive phenomenon in mammalian 
systems simpler than the whole animal. The former authors 
attempted to find increased pyrrolase activity following per-
fusion of isolated livers with tryptophan. However, they 
were able to demonstrate the inductive phenomenon only when 
the perfusion fluid contained a full complement of amino 
acids. If new protein were being synthesized, amino acids 
would be needed. Also, in these experiments, when ethionine, 
J 
a methionine analogue and thus presumably an inhibitor of 
protein synthesis (63), is added to the perfusate containing 
all the amino acids, it prevents the induction of pyrrolase 
by tryptophan. Increasing the methionine concentration 
reverses this inhibition. KnoN, smiliarly, was not able to 
detect any change in activity in liver slices that were in-
cubated for 4 hours with a high concentration of tryptophan 
in Krebs-Ringer phosphate solution with glucose and o2 • How-
ever, he was able to obtain tryptophan-induced increases in 
" 
slices incubated for 3-4 hours in a medium containing amino 
acids~hich was designed for tissue culture. This pro-
vides more evidence for a de ~ protein synthesis. 
It should be pointed out that the effect of ethionine 
on pyrrolase induction in the whole animal has been reported 
by Lee and Williams (49). These authors conclude that ethionine 
inhibited pyrrolase induction and that methionine reversed 
the inhibition. However, because of the small changes re-
ported for very small numbers of animals without any indica-
tion of the variance of the reported values or level of 
statistical significance and because of this writer!s exper-
ience with the magnitude of the variance of the results 
routinely seen in tryptophan pyrrolase assays, their con-
elusion can not be considered to be established. 
Civen and Knox (7) have investigated the specificity 
of the substrate-induced enzyme response. The various analogs 
of tryptophan also were tested as substrates, inhibitors, 
14. 
and stabilizers of the cell-free enzyme preparation to deter-
mine whether there was any relation between the inducing 
activity of a substance and its affinity for the enzyme. 
They showed that D-tryptophan, alpha-methyl DL tryptophan, 
and Nalpha_acetyl-L-tryptophan are good inducers of tryptophan 
pyrrolase in adrenalectomized rats, though somewhat less 
potent than L-tryptophan. DL-tryp~o~n, 5-methyl-DL 
tryptophan, and 6-methyl DL-tryptophan were ineffective. 
However, in this series of compounds no relationship was 
found between potency as an inducer and affinity for the 
enzyme. For example, of the 3 effective inducers, two of 
them, D-tryptophan and Nalpha_acetyl-L-tryptophan showed no 
affinity for the enzyme. On the other hand, all three of the 
ineffective inducers showed some degree of affinity for the 
enzyme. 
At the time of the discovery of the tryptophan pyrrolase 
induction it was also noted that a number of other amino acids 
or pharmacologically active compounds could also induce the 
appearance of the same enzyme. This dilemma was resolved 
when Knox showed that in the absence of the adrenal glands, 
the only compound previously tested which was still capable 
of inducing pyrrolase was tryptophan itself. This, then, was 
not the simple picture of enzyme induction as known in micro-
organisms and thus Knox at that time concluded, 
The greater organizational complexity of animals 
may also provide mechanisms for the increase in 
15. 
enzyme in response to compounds other than their 
substrates, as part of a general physiological ad-
justment. (40) 
Knox thought that the effects seen with compounds 
other than tryptophan were a result of non-specific stress 
to the animal, with the resultant release of ACTH from the 
pituatary, followed by release of corticoids from the 
adrenals. The observed enzyme increases in this situation 
were, therefore, considered to be produced by a new mechanism-
hormonal induction. 
The phenomenon of hormone induction was rapidly estab-
lished and documented. Geschwind and Lee (25) found that the 
level of the enzyme doubled six hours after injection of the 
animals with ACTH. Thomson and Mikuta (67) showed that a 
whole series of stressful stimuli, including total body 
x-irradiation, numerous drugs, and section of the spinal cord 
increased the enzyme level. The response to all these stimuli 
was readily abolished by adrenalectomy. Other experiments 
indicated that water deprivation and intraperitoneal injec-
tion of hypertonic saline produced increases in the pyrrolase 
enzyme activity. The final link in the pathway of causation 
from stress to ACTH to adrenal hormone to enzyme induction 
was identified when hydrocortisone (or cortisone) caused an 
enzyme increase of the same magnitude as did the various non-
specific stresses (40). 
The experiments with hydrocortisone do not exclude the 
possibility that the corticoid, in its capacity as a protein 
16. 
catabolic agent, might release free tryptophan and that it is 
the amino aeid in turn which would induce the enzyme in-
crease. To test the independence of the two inducers Given 
and Knox (6) measured the free tryptophan and pyrrolase 
enzyme in rat liver following tryptophan injection and fol-
lowing hydrocortisone injection. Following the amino acid 
injection, the free tryptophan level in liver rose rapidly 
and this was followed by an increase in the enzyme level. 
The rise in free tryptopha~ and enzyme level was proportional 
to the dose of tryptophan used. Following the dose of hydro-
cortisone as the inducer, the pyrrolase rose to approxi-
mately the same levels as those produced by tryptophan, but 
no change from the normal free tryptophan level occurred. 
The possibility that the hydrocortisone increased the flow of 
tryptophan into the liver cells and that the concomitantly 
increased enzyme kept pace wi~h the inflow so that there would 
be no detectable increase in the free amino acid was eliminated 
when it was shown that there was no increase in tryptophan 
metabolites in the urine. of hydrocortisone injected rats. 
There have been reported in the literature several 
physiological states which affect the pyrrolase enzyme system, 
presumably via pathways other than the adrenals. Here, 
possibly, the unifying factor among the phenomena might be, 
as Knox (38) has pointed out, an altered level of free 
tryptophan in the cell due to changes in the state of the 
nitrogen balance in the animal. 
Regeneration of liver following partial hepatectomy 
is characteriz?d by a markedly decreased basal level of 
tryptophan pyrrolase and a drastically decreased response to 
tryptophan injection. These depressions were maximal the 
first two days after operation and thereafter slowly returned 
~ 
to normal by about the lOth day (68). A low protein diet pro-
duced the same effect (52). It should be pointed out that in 
these low protein diet experiments the induction by cort~sone 
is unchanged in the face of a decreased induction by tryptop~~ 
(53). This again emphasizes the difference in action of ~ 
tryptoph~n and adrenal hormone. 
Tumor growth has been shown (70) to be associated with 
a decreased basal pyrrolase level during the first 18 days 
after implantation. During recovery of rats and rabbits 
from 400 r irradiation from oo60 (4th-16th day) there has 
been shown to be a decreased inductive response to trypto-
phan (30). 
All of these conditions are well known to have in com-
mon a positive nitrogen balance~ that is a tendency toward 
lowered amino acid degradation relative to the amount of 
protein formation. It is conceivable~ but no evidence is 
available on this point~ that the level of free tryptophan 
is abnormally lowered in these situations and this results 
in a lowering of the tryptophan pyrrolase level and a de-
creased ability or tendency to make any but the proteins most 
essential for the given situation. 
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Complimentary to this interp!etation is the case of 
the pyrrolase levels in aged (1 year old) rats as compared to 
young growing rats (30 days old). In the former there is a 
negative nitrogen balance associated with a high pyrrolase 
enzyme level, in the latter there is a positive nitrogen 
balance associated with a low pyrrolase enzyme level (60). 
Other data has appeared in the literature on the re-
lationship between pyrrolase enzyme and carcinogenesis. Fiala 
and Fiala (22, 23) have presented data from which they con-
elude that in rats fed a carcinogenic azo dye in their diet the 
inductive response is completely abolished by the 30th day. 
However, critical analysis of their paper leaves the validity 
of their conclusion much in doubt. For example, the~~ were 
noted gross arithmetic errors in their tables. A particul-
/ 
,~ 
ar tlagrant example will be cited. Their data is presented 
in the form of the amount of product formed in one hour per 
ml of liver homogenate. Given also is the amount of DNA 
per ml of homogenate. By dividing the former value by the 
later the author obtains the amount of product formed per 
unit weight of DNA (or specific activity) for both non-
induced and induced animals on the control and dye-contain-
ing diet. The difference in specific activities for non-in-
duced and induced animals under a given condition is then 
divided by the specific activity of the non-induced group 
to yield a value which represents the percent increase in 
tryptophan pyrrolase following induction. This percent 
increase for animals on the control diet is then compared 
'' 
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with the value calculated for animals on the dye-containing 
diet. At 30 days following the carcinogen containing diet, 
the activity for non-induced rats is reported as 0.366 mi-
cromoles kynurenine per ml. of homogenate and the DNA content 
as 764 microgms per ml. of homogenate. On the basis of 
-12 
5 X 10 -6 gm DNA as a unit weight, this represents 764 x 10 / 
-12 6 5 x 10 equal to 153 x 10 units of DNA. The specific 
activity would then be 0.366/153 x 106 equal to 0.239 x lo-8. 
The table reports 0.476 (completely neglected in this table 
is the fact that all specific activities reported have been 
multiplied by 108 ). The comparable value calculated for 
induced animals on the azo dye diet was 0.417. Thus, 
using the incorrect value for the non-induced animals, 
the authors concluded that the azo dye diet completely 
abolished the inductive response i.e. 0.476 micromoles of 
kynurenine formed per unit weight of DNA for non-induced 
rats vs. 0.417 for induced rats. If the corrected data is 
used, the percent increase in,enzyme activity for induced 
animals is seen to be 75% (i.e. 0.417 - 0.239/0.239 = 75%). 
~· 
In general, of the 22 values calculated for specific activi-
ties, there were found 7 errors in arithmetic of the type 
just mentioned. These, of course, would lead to errors in 
the calculated increases and percent increases. In one case 
where the specific activities had been calculated correctly~ 
a gross error was found in the calculation of the percent 
change~ Even after all errors are corrected from the raw 
' 
'~ data.the tables leave much to be desired by the critical 
'' 
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reader. In neither the tables nor the text could there 
be found any mention of how many animals each value represent-
ed nor was there any mention of standard deviations or 
errors or any other sort of statistical expression which 
could be used in evaluating the significance of the differ-
ences observed~ Other disturbing factors were uncovered 
in their paper. In one table the authors have calculated 
the percent increase in enzyme following induction by ar-
bitrarily pairing a non-induced rat with an induced rat and 
calculating the percent increase for a series of such 
pairs. This is a completely ~nv.aliill procedure. Here 
only group means may be compared. In their paper in 
Nature (22) the authors, in studying the acute effect (17 
hrs.) of the azo dye on the inductive process, state that 
"a parallel test indicated that, in animals treated with 
the carcinogen, a large amount of the carcinogen was pro-
tein bound and could be liberated only after prolonged 
hydrolysis of tissue". This statement is documented by 
' a reference to work of other investigators. One can only 
expect that this referepce should contain the data support~ 
ing the contention that azo dye is found bound to protein 
17 hours after an acute injection. However, no mention is 
found in the quoted reference of acutely administered azo 
dye, and one can only conclude that the reference in the 
Fialas' paper is merely to document the method of detecting 
protein bound azo dye. If this is so, it leaves completely 
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undocumented and unproved that azo dye is bound to protein 
17 hours after an intraperitoneal injection. 
Knox 1 (39) has shown that in rats fed acetylamino-
fluorene and high levels of tryptophan~ a diet which pro-
duces bladder tumors in certain strains of rats~ the trypto-
phan pyrrolase was 2-3 fold higher than in controls and 
this inductive formation persisted unchanged throughout 
the nine months experimental period. · 
Several investigators have attempted to elucidate 
the mechanism by which the pyrrolase enzyme accumulates 
following the administration of tryptophan. Dubnoff and 
Dimick (18) on the basis of their data suggested that a 
decreased breakdown of enzyme because of stabilization by 
tryptophan might account for accumulation of the high levels 
of enzyme found in treated animals. Civen and Knox (7) 
present their arguments against this interpretation. 
Feigelson et a.l. (20) followed the incorporation of 
~32 into DNA and RNA during the inductive phenomenon. They 
showed no acceleration of RNA-phosphate turnover during the 
period 0-5 hours post tryptophan during which time the enzyme 
was reaching its maximum level. However~ there was seen a 
marked stimulation in RNA phosphate turnover~ which the 
authors interpret as an increase in RNA synthesis~ at 8 to 
15 hours; this is subsequent to the maximum increase in 
tryptophan pyrrolase. The authors propose a. working hypo-
thesis that "increased enzyme protein synthesis utilizes and 
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consumes pre-existent RNA and that this RNA is subsequent-
ly replenished.u 
In subsequent papersJ Greengard and Feigelson 
(20aJ 27J 27a) showed that although the tryptophan pyrro-
lase activity in the livers of non-induced rats was found 
exclusively in the soluble portion of the cell (105JOOO g 
supernatant fraction)·it represented only one third of the 
activity initially found in the whole cell homogenate. 
They further showed that recombination of the microsomal 
fraction (which in itself was devoid of enzymatic activity) 
with the soluble fraction restored the original enzyme 
activity seen in the whole homogenate. With increasing 
amounts of microsomal fraction to ratios of microsomes to 
soluble fra.,ction greater than that in normal liverJ the 
activity could be stimulated to levels higher than the 
original activity of the whole homogenate. On the other 
handJ in induced r~ts the soluble fraction contained 100% 
of the whole homogenate activity and this activity was no 
longer stimulated by addition of microsomes. Further evi-
dence implicated the microsomal activator as a heat-stable 
organic compoundJ the authors suggesting it to be an iron-
containing protoporphyrin. The authors suggest the possibi-
lity that under the usual assay conditionsJ tryptophan 
pyrrolase of normal liver-cell sap is unsaturated with 
respect to its activatorJ andJ that during the process of 
substrate inductionJ the activatorJ which is a normal 
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constituent of cytoplasmic granules~ becomes available to 
the enzyme. Thus~ they state 11 the substrate induction of 
the enzyme may be due~ at least in part~ to an intracellu-
lar translocation of the activator." 
In attempting to delineate the mechanism of mammalian 
enzyme induction~ other investigators have traced the up-
take of radioactive amino acids into the protein of various 
cytostructural elements. Lee and Williams (50) found that 
concomitant with the tryptophan-induced increase in enzyme 
activity in the liver of the rat there was a loss of protein 
from mitoch0ndria with a parallel gain of protein by the 
microsomal fraction. There were no s~gnificant changes in 
other subcellular fractions. Underlying these gross changes 
are alterations in the protein turnover rate of various 
fractions as measured by incorporation of s35_DL cystine; 
there was an increased protein turnover of the nuclear and 
mitochondrial fractions and a decrease in the microsomal 
and soluble fractions. These data imply a buildup of stable 
protein by the microsomes at the expense of mitochondrial 
~rotein~ during the inductive phase. 
Greengard (261 demonstrated that there was an in-
creased incorporation of c14 amino acids into total liver 
protein 3 hours after administration of tryptophan to rats. 
The microsomal~ mitochondrial~ nuclear~ and soluble proteins 
all showed increased radioactive uptake. Since the pyrrolase 
induction is known to be substrate-specific only in adrenalecto-
mized rats~ Greengard traced c14 into various fractions in 
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such rats. This, in effect, would eliminate the possible 
effects of ~he corticoids released in response to the injec-
tion of tryptophan. Once again there was seen an increased 
uptake of amino acid into all fractions. Since the enzyme 
tryptophan pyrrolase represents a very small fraction of the 
liver proteins, it appeared to Greengard that these observa-
tions were at least partly due to general effects of trypto-
phan on protein synthesis (26). 
If the pyrrolase induction is indeed an example of de 
novo synthesis of protein, then, in the light of the growing 
body of evidence relating nucleic acids and protein synthesis, 
one might reasonably expect profound effects on the inductive 
phenomenon ~y nucleic acid antimetabolites. For example, in 
the bacterial field, Creaser (13, 14) has shown that 8-aza-
quanine and 2, 6-diaminopurine inhibit the formation of 
two inducible enzymes in M. Pyrogenes var. Aureus. Gros 
and Spiegelman (29) have found that 8-azaquanine inhibits 
the induction of penieillinase in B. Cereus and beta-galacto-
sidase in E. Coli. Spiegelman et al. (65) have observed 
that 5-hydrbxyuridine inhibits the inductive formation of 
beta-galactosidase in E. Coli. Horowitz et al. 
--
(33, 34) 
have shown that 5-flurouracil likewise inhibits the induction 
of beta-galactosidase in E. Coli. 
In the mammalian field, several preliminary reports 
have appeared in the literature on the effect of nucleic acid 
antimetabolites op tryptophan pyrrolase induction in rat liver. 
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Chytil (4) reported that aminopterin when administered intra-
peritoneally at doses up to 1000 microgms/100 gm body 
weight 24-48 hours befo~e induction does not inhibit in-
duced synthesis of tryptophan pyrrolase as measured at 5 
hours after the administration of the inducer. Lee (47) 
reported that, in rats given the LD50 dose of various anta-
gonists (6-mercaptopurine, 2,6-diamino purine, 8-azaquanine, 
and·aminopterin) 24 hours previously, the administration of 
tryptophan resulted in a net increase in pyrrolase activity, 
160-250% greater than for untreated animals, as measured at 
one hour after administration of the inducer. In a. later 
paper, Lee {48) showed that when the duration of the drug 
action was shortened from 24 hours to 0-1 hour and/or the 
drug dose was appropriately reduced, enzyme induction was 
suppressed a.t one hour. The augmentation phenomenon was 
found to be indirect in nature and attributable to drug 
stimulation of the·pituatary~drenal system. 
Feigelson et al. (19) have also published some data 
on the effect of azaguanine and 6-mercaptopurine on pyrrolase 
induction by tryptophan. The authors conclliude that neither 
of these a.ntimetabolites exerted any significant effect on 
the induction. Perusal of their data, however, indicates 
that the antimetabolites stimulated the inductive response 
in the early hours after the administration of the inducer 
and before the maximum level is seen in the control induced 
rats. This was followed by inhibition of the inductive 
response in the hours after the maximum level is attained 
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in the controls. It is also of interest to note~ in the 
light of the data to be presented in this thesis~ that the 
antimetabolites stimulated the basal level of enzymes 30-
50%. It is~ however~ to be noted that these results were 
obtained on only 2 rats per experimental group and hence do 
not justify drawing conclusions. 
Benzpyrene Hydroxylase 
In the last several years an impressive amount of 
work has appeared on the induction of hepatic enzymes which 
metabolize foreign compounds. Conney has shown that several 
different hydrocarbons cause an induction of azo dye N-demethy-
lase and reductase (11) and of benzpyrene hydroxylase (12). 
It has been shown that in fortified homogenates of 
... 
livers of male weanling rats 3~4 benzpyrene (BP) is enzymatically 
hydroxylated~ primarily to monohydroxy derivatives. No 
other tissues appeared to metabolize BP. The enzyme~ which 
was found to be heat- and trypsin-labile~ was localized in 
the microsomes~ and required reduced tri- and diphosphopyridine 
nucleotides and oxygen for maximal activity. It was further 
shown that the intraperitoneal injection of 100 microg~ams 
of BP cause~ a twofold increase in activity by 3 hours and a 
fivefold increase by 12 hours~ the activity decreasing to 
control levels by 6 days. ~ Larger amounts of BP caused greater 
and more prolonged responses. Several other hydrocarbons 
were tested for their ability to increase the hydroxylase 
activity of the rat 1 s liver when injected 24 hours before the 
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assay. At a molar level equivalent to 0.5 mg of BP, 1,2,5,6-
dibenzanthracene, 3-methyl-chol~nthrene, and 41 methyl-1,2-
benzanthracene were as effective as BP; 9,10-dimethyl-1,2-
benzanthracene was.one-third as active; 2-methyl-benzo(c) 
phenanthrene 1,2-benzanthracene, and the 5,8 and 5,10 
quinones of BP had little or no activity. The inducing 
ability of these hydrocarbons were similar to those pre-
viously observed for the azo dye N-demethylase system (11). 
Addition of heat-inactivated liver homogenates from 
control or induced rats to fresh liver homogenates from either 
type of rat did not alter the activity. When liver homo-
genates from control and induced rats were combined, the 
activity of the mixture was equal to the sum of the individual 
activities. Thus, the greater metabolic activity of livers 
from treated rats did not appear to be due to an alteration 
in the amounts of any inhibitor& or activators of the system. 
The increase in activity could be prevented by the 
administration of ethionine, an inhibitor of protein syn-
thesis, and the effect of ethionine could be nullified by the 
simultaneous administration of methionine. Thus, it can be 
tentatively concluded that the increase in benzpyrene 
J 
hydroxylase activity following administration of certain 
hydrocarbon,s is due to induced synthesis of enzyme. 
No further information was available on the benzpyrene 
hydroxylase system. However, the reader is referred to the 
following reference for a discussion of other examples of 
induction of enzymes which metabolize foreign compounds (10). 
' 
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METHODS 
Animals 
Male Sprague Dawley rats were used exclusively. 
Animals of two different weight ranges were used: weanlings 
of body weight 40-60 gms and young adults of 100-200 gms. 
Which range was used for any given experiment will be 
clearly pointed out in the results section for each experi-
ment. The animals were routinely maintained on Purina. Lab 
Chow and water ad libitum. 
In the azo dye feeding experiments the feed consisted 
of a synthetic diet (53a) composed as follows: 
Casein (vitamin free) 
Dextrose 
Mazola corn oil 
Salt Mixture P. H. 
DMB 
Riboflavin 
Thiamin hydrochloride 
Pyridoxine hydrochloride 
Ca.l'cium pantothenate 
Choline chloride 
Cod Liver oil 
240.0 
1580.0 
100.0 
80.0 
1.200 
.002 
.oo6 
.005 
.014 
.060 
5.0 
gms. 
II 
' II 
tl 
.. 
It 
II' 
. 
" 
' II 
' II 
. 
II 
drops 
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This diet is low in riboflavin and has been reported 
to potentiate the carcinogenic effect of the azo dye. The 
idaatical diet minus the azo dye was fed to one set of con-
trol rats. Another set of controls for this experiment was fed 
the standard lab chow. This latter set of controls was used 
as a check against the effect of the low riboflavin diet alone. 
Adrenalectomized rats of body weight 180-200 gms. were 
obtained from Charles River Breeding Laboratories of Wilming-
ton, Mass. 'The animals were received on the same day that 
surgery was performed. They were immediately given cortisone, 
1 mg/rat, and this dose was repeated daily for 2 or 3 days. 
On the day immediately following the last dose of cortisone 
the animals were placed on 0.9% saline and standard lab chow 
ad libitum until used. Experiments were usually performed 
on the rats one week after their delivery. During this time 
they gained weight at a rate equal to control intact animals. 
Administration of Compounds 
The inducer of tryptophan pyrrolase, L~tryptophan 
(Nutritional Biochemical Corporation) was dissolved in 0.9% 
saline at a concentration of 20 mg/ml. In order to get the 
tryptophan into solution at this concentration, it was neces-
sary to heat the tryptophan suspension under hot tap water 
(approximately 85-90°C) for several minutes. The solution was 
then allowed to cool to 37°C, during which time no tryptophan 
precipitated out. The tryptophan solution was then injected 
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intraperitoneally at a dose level of 5cc/100 gm body weight. 
This is equivalent to 100 mg/100 gm body weight, a dose which 
has been shown by several investigators to cause maximal 
induction. 
The inducer of benzpyrene hydroxylase, 3-methyl-
cholanthrene (Eastman Organic Chemical), was prepared as a 
suspension in corn oil at a concentration of 4 mg/cc. .5cc/100 
gm body weight was given intraperitoneally for a total dose 
of 2 mg/100 gm body weight. This dose was shown by Conney 
(12) to give a maximum induction of benzpyrene hydroxylase 
~ 
at 24 hours. 
For the radioactive tracer experiments the P32 was 
obtained from Oak Ridge National Laboratories in the form of 
P32o4 in weak HCL with an initial specific activity of 60-90 
me/mg. The decay of the isotope having been taken into ac-
count, a~quots were appropriately diluted with distilled 
. 
water to giv.e a solution containing 20 microcurie per cc. 
One cc per 100 gm body weight was then injected intra-
peritoneally for a total dose of 20 microcurie/100 gm body 
weight. 
Hydrocortisone (Hydrocortone Merck) and cortisone 
(Cortone Merck) were administered intraperitoneally at a 
dose of 0.5 mg/100 gm as a suspension in 0.9% saline. 
The several compounds used for their profound effects 
on protein and nucleic acid synthesis were dissolved in 0.9% 
saline and administered intraperitoneally 20-24 hours before 
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injection of the inducer. In Table I appears a list of 
these drugs together with the concentration of solution 
injected and the total dose per 100 gm body weight. Three 
of the drugs, aminopterin, 5-flurouracil, and nitrogen 
mustard, we~e given at an LD50 dose as reported in the 
literature. Since the LD50 dose of the bis substituted 
pyrimidine has not been previously reported, a strictly 
arbitrary dose was selected. The first dose selected, 
15 mg/100 gm b.w. produced convulsions in 7 rats out of 7 
within 2 minutes and death in 6 of the 7 within 5 minutes. 
The one surviving rat showed no further signs of toxicity 
over several weeks. The dose was then reduced to 0.75 
mg/100 gm b.w. and following injection of this dose there 
were no overt signs of acute or chronic toxicity as measured 
by weight gain and survival over several weeks. This latter 
dose was the one used in the experiments to be described. 
It was not possible to test other levels of this drug 
because of its limited availability. 
Enzyme Assays 
Tryptophan Pyrrolase 
Tryptophan pyrrolase converts tryptophan to formyl-
kynurenine. This, in turn, is quantitatively metabolized 
to kynurenine by an excess of formylase present in the liver. 
Thus the enzyme is assayed by measuring the rate of formation 
of the product of the reaction, kynurenine, following incuba-
tion at 37°C. The method is essentially that reported by 
TABLE 1 
DOSES OF COMPOUNDS TESTED FOR THEIR EFFECT 
ON ENZYME INDUCTION 
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Compound Concentration Injected 
(mg/cc) 
Total Dose 
(mg/100 gm B. W.) 
Aminopterin 
5-Fluorouracil 
Nitrogen Mustard (HN2) 
5 NHg 2-4 Bis (Benzyl-
amin ) Pyrimidine 
0.645 (a) 
5.0 
0.2 
0.15 
(b) 
0.645 
20.0 
0.2 
0.75 
(c) 
(d) 
(a) also contains .235 mg NaHco3 per cc - (~inal PH = 6) 
(b) 
(c) 
(d) 
LD50 dose as calculated from data in 
references 21, 56, 57 
~D50 dose as reported in Report No. 44 from 
Hazelton Laboratories, Falls Church, Virginia. 
to National Cancer Institute 
LD50 dose as reported in reference 64 
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Knox and Auerbach (40). The rats were sacrificed and the 
livers removed and rinsed in ice water. 12.5% homogenates 
(1 gram of liver plus 7 ml of ice cold .14M.KC1 containing 
0.0025N NaOH) were prepared in a ch~lled Potter-Elvehjem 
homogenizer and assayed in duplicate within 30 minutes after 
the death of the rats. For optimum assay of the enzyme (See 
Kinetics sec,tion of Results) 0.5 ml or 1.0 ml of homogenate, 
equivalent t'o 62.5 or 125 mg tissue, respectively, were added 
to 25 ml Erlenmeyer flasks which contained the following 
additives preincubated-at 37°C in the Dubnoff metabolic 
shaker: 
1.0 ml of 
0.6 ml of 
0.4 ml of 
0.5 ml of 
0.2M potassium phosphate buffer (pH 7.0) 
0.03M L-tryptophan (or water in tissue 
blanks) 
0.25M glucose 
catalase (Nutritional Biochemical Corp.) 
10 microgm/ml equivalent to 5 microgm when 
1.0 ml of homogenate is used 
5 microgm/ml equivalent to 2.5 microgm when 
0.5 ml of homogenate is used 
0.5 ml of glucose oxidase (Sigma) 
l 
containing 10 units1when 1.0 ml of 
homogenate is used 
containing 5 units when 0.5 ml of 
homogenate is used 
water to a total volume of 4.0 ml. 
1. One unit of glucose oxidase catalyzed the uptake of 
1 microliter of 02 in 10 minutes at 37°C in air and in the presence of 0.3M glucose, 0.07M phosphate buffer (pH 5.6), 
10 microgm of catalase, and 0.005M sodium versenate. In 
these experiments 0.665 mg of glucose oxidase (Sigma) yielded 
1 unit of activity. 
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Following addition of the homogenate, two minutes were 
allowed for temperature equilibration and then the timed 
incubation was begun by setting the flasks shaking at 120 
oscillation per minute. The incubator was gassed with 100% 
02 at a flow' rate of 5 standard cubic feet per hour. At the 
end of one hour of incubation the reaction was stopped by 
addition of 2.0 ml o~ freshly prepared 15% metaphosphoric 
acid to each flask in the same order in which the homogenates 
had been added. The flasks were then removed from the 
incubator and allowed to stand for 15-30 minutes to allow 
complete precipitation of protein. The contents of each 
flask were then transferred to 12-ml conical test tubes and 
centrifuged. 3 ml of each supernate were then transferred 
to a test tube containing 1 ml of l.lN NaOH. This brought 
the pH to 6-7. This neutral solution was placed in a 1 em. 
cell and read against water at 365 mu in a Beckman DU spectro-
photometer. The amount of kynurenine formed was calculated 
from the optical density of the ~xperimental filtrate minus 
its blank, by the use of the molar extinction coefficient 
o~ kynurenine under these conditions ( t = 4335). 
Benzpyrene H~droxylase 
This enzyme was assayed by measuring the rate of disap-
pearance of its substrate, 3,4-benzpyrene, following incuba-
tion at 37°0. The method is essentially that of Conney et al. 
(12). The rats were stunned by a sharp blow to the head and 
exsanguinated. The livers were immediately removed and rinsed 
in ice-cold isotonic sucrose solution (.25M). 10% liver 
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homogenates (1 gram plus 9 ml of ice-cold isotonic sucrose) 
were prepared from each liver in a chilled Potter-Elvehjem 
homogenizer and assayed in duplicate within 30 minutes of 
death of the rats. For optimum assay of the enzyme (See 
Kinetics section of Results) the following factors were 
added to ice·-cold 25 ml Erlenmyer flasks: ' ,/' 
'• 
0.2 ml of 0.03 M glucose-6-phosphate (K salt) 
0.1 ml of TPN+ (2 mg/ml) 
0.1 ml of DPN+ (2 mg/ml) 
0.2 ml of o.6M nicotinamide 
0.2· ml of O.OlM ATP 
0.1 ml of 2.0 M KCl 
0.5• ml of 0.1 M potassium phosphate buffer pH 7.4 
e.l, ml of benzpyrene in methanol (.5 mg/ml) = 50 
microgm BP 
0. 5• ml of a 10% liver homogenate 8 50 mg tissue 
Following addition of the homogenate the final volume 
was brought to 3 ml with distilled water and the reaction 
flasks placed in a Dubnoff metabolic shaker at 37°C. Two 
minutes were allowed for temperature equilibration and then 
the timed incubation was begun by setting the flasks shaking 
at 120 oscil,J.a.tions per minute. The assays were carried out 
in air. At the end of 12 minutes incubation time the 
reaction was, stopped by the addition of 1 ml of freshly 
prepared ethanolic KOH (125 gm of KOH, 100 ml of water, and 
500 ml of 95% ethanol). The reaction mixture was then diluted 
36. 
to 15.0 ml with the ethanolic KOH. After storage in the dark 
at 3°0 for 24-48 hours~ during which time the reaction mixture 
clears~ a 0.3 ml aliquot (containing l/50th the original 
benzpyrene content) was removed and added to 3.0 ml of llN 
aqueous KOH in a glass stoppered centrifuge tube. The 
benzpyrene was then extracted quantitatively with vigorous 
shaking for approximately 1/2 hour into 10 ml of petroleum 
ether (the 66-68°0 fraction of Skelly-solve B). The benzpyrene 
content was determined by measuring its specific fluorescence 
in an AmincG-Bowman Spectrophotofluorometer at an activation 
wavelength pf 370 mu and a fluorescent wavelength of 410 mu. 
The instrument was set to read 100% transmission with a 
benzpyrene standard containing a .1 microgm. benzpyrene/ml 
of,pet ether and ail subsequent samples were read against this 
setting. In those experiments where amounts of benzpyrene 
other than 50 microgm were used per reaction flask~ the 
instrument was set to 100% transmiss~on with a standard con-
taining per 10 ml of pet ether l/50th of the amount of 
benzpyrene added. 
The amount of benzpyrene metabolized was calculated 
as the difference between the amount extracted from zero-time 
(non-incubated) flasks and that extracted from the incubated 
flasks. Both of these flasks were routinely corrected for 
fluorescent material extracted from tissue blanks (i.e.~ 
containing tissue but no substrate)~ but this amount was 
virtually negligible. Oonney has~ furthermore~ reported no 
loss of extractable fluorescence when benzpyrene was incubated 
for up to one hour in the absence of tissue or in the 
.presence of heat-inactivated homogenates. 
Determination of DNA 
All $nzyme activities were expressed on the basis of 
mg DNA. In the benzpyrene hydroxylase experiment the DNA 
content was determined on an aliquot of the same homogenate 
used for enzyme assay. In the tryptophan pyrrolase experi-
ments the DNA was determined on the metaphosphoric acid-
precipitated residue. The DNA was extracted by the method 
of Schneider (41) and the concentration determined by means 
of the Dische diphenylamine reaction for deoxyribose (17). 
Isolation and Radioactive Assay of RNA-P32 and DNA-P32 
In the ~32 incorporation studies RNA, DNA and in-
organic phosphate (IP) isolations from whole homogenate were 
I 
undertaken following exactly the method published by Feigelson 
et a.l. (20). Briefly, the method involved extraction of acid-
soluble phosphate and inorganic phosphate in cold trichloro-
acetic acid (TCA). IP was isolated from the TCA supernate 
by precipitation as the magnesium ammonium phosphate complex 
which was then dissolved ih dilute sulfuric acid for assay 
of inorganic phosphate and radioactivity. The TCA-extracted 
liver residues were extracted with cold ethanol to remove 
the TCA and then with boiling ethanol to remove the lipid. 
38. 
The nucleate~s were extracted from the lipid-free residue with 
boiling 10% sodium chloride and then precipitated from solu-
tion by the addition of cold ethanol. The precipitate was 
collected. by centr~fugation and redissolved in water. The 
nucleate solution was deproteinized by shaking vigorously 
with a 4:1 chlorofor.m-octanol mixture. This was repeated 
until no further protein gel formed at the organic solvent-
aqueous interphase. Acidification of the aqueous supernatant 
with 0.3 N HCl and addition of cold ethanol reprecipitated 
the nucleic acids as the free acids. After centrifugation, 
the precipitates were dissolved in 0.4 N sodium hydroxide 
and allowed to incubate overnight at 30°C, during which time 
hydrolysis of the RNA to acid-soluble mononucleotides tobk 
place, whereas the DNA remained polymerized. The DNA was 
precipitated by addition of alcoholic HCl and separated from 
the acid-soluble RNA nucleotides by centrifugation at 0°C. 
The acid solution of RNA mononucleotides was saved for assay 
of RNA phosphorus and radioactivity. The DNA was redis-
. . 
solved in 0.4 N NaOH, reincubated overnight, and repre-
cipitated by addition of alcoholic HCl. The process was 
repeated once more in order to minimize contamination of the 
_DNA by the RNA mononucleotides. The DNA was finally dis-
solved in 0.4 N NaOH and put aside for assay of DNA-phosphorus 
and radioactivity. 
Aliquots of isolated RNA nucleotides and DNA were 
taken for phosphorus analysis following digestion with 
39. 
sulphuric acid and hydrogen peroxide. Aliquots of isolated 
IP did not have to be digested for phosphorus analysis. 
Phosphorus was measured in all samples by the method of Fiske 
and Subbarow (24). Other aliquots of RNA nucleotides, DNA, 
and IP samples were plated infinitely thin and counted em-
ploying a Nuclear of Chicago thin-window gas flow Geiger tube. 
Sufficient counts were made to reduce the probable counting 
error to below ±5%. All the P32 data were corrected for co-
incidence, background, efficiency of the Geiger tube, and 
decay back to the day on which the isotope was injected into 
the animal. The RNA and DNA specific activities are expressed 
relative to the specific activity of the IP pool. 
Of prime concern in this radioactive tracer investiga-
tion was the reliability of the chemical method. The isolated 
RNA and DNA were tested for possible cross contamination with 
one another. Application of the diphenylamine and oricinol 
reactions to representative samples revealed no such con-
tamination under conditions sensitive to 5% of the converse 
type of nucleic acid. From the radiochemical standpoint a 
serious possible contaminant of the nucleic acid fractions is 
IP. To evaluate IP as a contaminant, a nucleic acid isola-
tion was done on non-radioactive liver tissue to which suf-
ficient radioactive IP was added during homogenization to 
simulate the IP specific activity found in the usual 2 hour 
incorporation of P32 • The distribution of the P32 through-
. . 
out the isolation procedure was followed and is reported in 
40. 
Table 2. This shows that the isolated RNA contains 0.19% 
~f the added ~32 • This amounts to a specific activity of 
approximately 5-9% of its usual value in a 2-hour incorpora-
tion study. The isolated DNA contains 0.10% of the added P32 ~ 
but because of the lower specific activity of DNA this 
represents 50-70% of the specific activity in a 2-hour in-
corporation study. This represents a serious contamination. 
The reported DNA counts are therefore 50-70% too high. 
41. 
TABLE 2 
DISTRIBUTION OF INORGANIC PHOSPHORUS RADIOACTIVITY IN 
.NUCLEIC ACID ISOLATION PROCEDURE 
Total Counts 
Recovered In 
Each Fraction 
Counts added to homogenate 835,600 (a) 
TCA soluble extract 712,000 
1st cold ethanol extract 99,700 
3 hot ethanol extracts 25,100 
Sodium nucleate precipitate 4,200 
Isolated RNA 1,600 
Isolated DNA 854 
Total Recovery = 
(a) specific activity - 774 cpm/microgm P 
% Recovery 
85.00 
11.90 
2.98 
0.50 
0.19 
0.10 
100.67% 
42. 
RESULTS 
Enzymatic activity has been used as a measure of 
enzyme-protein concentration in all of the following experi-
ments. However~ one may be reasonably certain that activity 
is a valid measure of enzyme-protein concentration only if 
the experimental conditions of the assay are optimal for 
maximum activity. Thus~ in addition to selection of appro-
priate co-factor~ pH~ and temperature levels for maximum 
activity~ this activity had to be shown to be first-order 
with respect to both length of time of incubation and amount 
of enzyme present and zero-order with respect to substrate 
concentration. Preliminary experiments were performed to 
determine these factors and the results are presented below. 
I 
Enzyme Kinetics 
Tryptophan Pyrrolase 
Knox and Mehler (42) have reported the optimum pH and 
temperature for pyrrolase activity and these have been used in 
the standard assay (See Methods). 
In Figure 1 are shown the results of the study of the 
relationship of activity to substrate concentration. The 
data are presented in the form of a Michaelis-Menten plot and 
the Lineweaver-Burk modification. The calculated Km for this 
( 4 -4 4 enzyme is 1.9 micromoles i.e.~ .75 x 10 M for a ml 
reaction mixture volume). This agrees well with the value 
of 4.0 x 10-4M reported by Knox and Mehler (42). However~ 
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whereas Knox and Mehler use 9 micromoles of substrate to 
attain zero-order conditions~ it can be seen from the 
Michaelis-Menten plot in figure 1 that at 9 micromoles sub-
strate concentration~ the activity has barely~ if at all~ 
attained the zero-order range. For this reason in the stand-
ard assay used in these experiments the substrate concentra-
tion was raised to 18 micromoles. 
Civen and Knox (3) have demonstrated that incorpora-
tion of H2o2 (or a H2o2 generating system) into the in vitro 
assay system is necessary for development of maximum pyrrolase 
activity. Their data indicate that the H2o2 accelerates the 
conversion of the inactive ferric-heme enzyme to the active 
ferrous-heme form and thus eliminates the lag phase seen in 
the development of the maximum rate of activity. They further 
demonstrated that an excess of H2o2 inhibited the enzyme 
activity. These results were readily confirmed in this 
laboratory as can be seen in Table 3. From these data it 
was not possible to determine the exact optimal glucose 
oxidase concentration since amounts between zero and that 
producing the highest observed activity were not tested. 
For the purpose of the routine assay in this stuqy the addi-
tion of 10 units of glucose oxidase per 125 mg tissue was 
selected as the peroxide generator concentration. As can 
be seen in the description of the assay system in the 
Methods section~ when varying amounts of tissue were assayed 
a constant ratio was maintained between the amount of hydrogen 
TABLE B 
EFFECT OF A HYDROGEN PEROXIDE GENERATING SYSTEM OF THE IN VITRO ACTIVITY 
OF TRYPTOPHAN . PYRROLASE . ( TPase) . . . . . . . . ~ ~ , . . 
Units of Glucose 
Oxidase per 125 mg 
Hepatic Tissue 
0 
5 
10 
20 
40 
80 
TPase Activity as Per Cent of th~ ~ctivity Found 
with No Glucose Ox~dase AdditiontaJ 
Control Rats Induced Rats 
{_S__hours Q_ost salin~_) __ ~--- _ _ _(5_ l.lou.rs_ post __ t_:ryptophan) 
(100) 
172 
143 
103 
89 
(100) 
136 
113 
84 
46 
21 
(a) each set of values represent the mean of 4 experiments 
~ 
Ul 
.. 
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peroxide generating system added and the amount of tissue 
assayed. 
It is qf some interest to note from the data in Table 
3 that the enzyme from the livers of induced rats appears to 
have a different sensitivity to hydrogen peroxide than does 
that from the livers of control rats. It might be expected 
that the induced liver (which ptesumably contains more 
molecul~s of tryptophan pyrrolase enzyme) would require 
more H2o2 for maximal activation than does the control or 
non-induced liver. From this follows the necessary ex-
pectation that more H2o2 would be required in the assay 
of induced liver to attain a given level of inhibition. 
However, the data support the opposite view. Though it 
cannot be determined from the data what are the exact H2o2 
requirements for maximum activation (because of the lack of 
data at the lowest oxidase levels), it does appear that, in 
general, for1 a given addition of H2o2 the enzyme from induced 
livers is stimulated to a lesser degree and inhibited to a 
greater degree than is the enzyme from control livers. This 
would, then, suggest that the pyrrolase enzyme in induced 
livers is more saturated with respect to its H 0 require-
2 2 
ment than is the enzyme in control livers. 
In Figure 2 are presented the data from a study of 
the relationship between activity of the pyrrolase enzyme and 
tissue concentration. The above-mentioned relationship be-
tween amount of H2o2 generating system and amount of tissue 
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assayed was maintained in this experiment. It can be seen 
that for the contnol enzyme and for the 1 and 3 hour-in-
duced enzyme~·the activity is a linear function of tissue 
concentration at least up to the limits tested in this ex-
periment. For the 5 hour-induced enzyme the activity of 
125 mg of ti.ssue can be seen to deviate slightly from lin-
earity. On the basis of these experiments 125 mg was 
selected as the tissue weight for assay of control enzyme 
and of 1 and 3 hour-induced enzyme; 62.5 mg was selected 
as the tissue weight for assay of the 5 hour-induced enzyme 
(See Methods). 
In Figure 3 is shown enzyme activity as a function of 
time. The rate of reaction is linear for at least 60 minutes 
and thereafter gradually falls off. On the basis of these 
data 60 minutes was selected as the duration of incubation in 
the standard assay procedure (See Methods). 
Benzpyrene Hydroxylase 
Conney et al. (12) have reported on the optimal pH~ 
temperature~ and co-factor concentrations for benzpyrene 
hydroxylase. These data have been incorporated into the 
assay a.s outlined in the Methods section. In Figure 4 are 
shown the Michaelis-Menten plot and Lineweaver-Burk modifi-
cation for benzpyrene hydroxylase. Calculation of the 
Michaelis constant, Km~ from these data yields the value 
3.9 microgm. On the basis of these data 50 microgm was 
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selected as the substrate concentration mGre than adequate 
to yield zero-order kinetics. It should be pointed out that 
concentrations of substrate less than 10 microgm were not 
tested. This would cast doubt on the accuracy of the cal-
culated Km~ IDUt it is obvious from the plot of the data that 
50 microgm of substrate is well into the zero-order range. 
In Figure 5 are shown the results of an experiment on 
the determination of hydro.?Cylase activity as a function of 
tissue (and thus enzyme) concentration. Here it can be seen 
that the activity begins to deviate markedly from linearity 
beyond 50 mg of tissue per reaction flask. On the basis of 
these data 50 mg of tissue was selected as the tissue con-
centration for the standard assay (See Methods). 
In Figure 6 are shown the results of an experiment 
relating activity to duration of incubation. It can be 
seen that the rate of reaction is linear only to approximate-
ly 20 minutes. Thereafter the activity deviates sharply from 
linearity. In order to insure first-order kinetics with 
' 
respect to time, 12 minutes was selected as the period of 
incub.a.tion for the standard assay procedure (See Methods). 
Intracellular Locaiization of Enzyme 
Tryptophan Pyrrolase 
Several investigators (23, 38) have stated that 
tryptophan pyrrolase is a soluble enzyme recovered entirely 
in the lOO,OOOg supernatant fraction of a liver homogenate, 
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but the statement is undocumented and.this author has been 
unable to find any data. supporting the statement. Greengard 
and Feigelson (20a3 27 3 27a) have published some data in-
dicating that only one third of the activity of the whole 
homogenate can be recovered in the 100 3 000g supernatant 
fraction from the livers of non-induced rats. Their data 
further show that all other cellular fractions are devoid 
of activity and that recombination of the supernatant 
fraction with the enzymatically inactive microsomal fraction 
(to a concentration of microsomes twice that of the intact 
cell) restores the original enzymatic activity of the whole 
homogenate. On the other ha.nd3 Knox (37) 3 in his published 
method for isolation of the partially purified tryptophan 
pyrrolase 3 has shown that the enzyme may be recovered in 
the pH 5.4 precipitate of the l1 3 000g supernate. Since 
the microsomal or RNA rich fraction comes down at this pH 
(62a) 3 it might be concluded that tryptophan pyrrolase is a 
microsomal enzyme. Experiments were undertaken to clarify 
the intracellular localization of tryptophan pyrrolase. 
I In Table 4 are pr~sented data. on the presence of 
tryptophan pyrrolase activity in the pH 5.4 precipitate of 
. 
the ll 3 000g supernate. As has been mentioned above, the 
pyrrolase enzyme converts tryptophan to formyl kynurenine. 
The latter is then quantitatively converted to kynurenine by 
an excess of formylase ~me~nt in the soluble portion of the 
cell, and in the whole homogenate tryptophan pyrrolase activity 
TABLE 4 
PRESENCE OF TRYPTOPHAN PYRROLASE (TPase) IN THE pH 5.4 PRECIPITATE £BJAINED FROM 
THE ll,OOOg SUPERNATANT FRACTION OF THE LIVER OF THE.RAT a 
Non-
Induced 
Rats 
Indu<;eQ. 
Rat \e) 
EXPERIMENT 
NO. 
1 
2 
3 
4 
5 
6" 
Percent of total TPase activity of whole homogenate recovered 
in the pH 5.4 precipitate as measured by rate of formation of: 
FORMYLKYNURENINE (b) KYNURENINE( c) TOTAL PRODUCT (d) 
17 
44 12 56 
19 0 19 
10 
17 22 39 
4 21 25 
(a) The pH 5.4 ~recipitate was prepared from an ll,OOOg supernate by the method 
of Knox (37). 
(b) Formyl kynurenine wa.sr.measured by its absorption at 315 mu after correction 
for absorption due to kynurenine at 315 mu. The molar extinction coefficient 
used·for formyl kYnurenine at 315 mu was 3700. 
(c) Kynurenine was measured by its absorption at 365 mu. The molar extinction co-
efficient used was 4335. 
(d) Total product = formyl kynurenine + kynurenine. 
(e) Ra.t had been given tryptophan (100 mg/100 gm) 4 hours prior to sacrifice. 
\Jl 
\Jl 
• 
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is measured by the rate of formation of kynurenine. 
However, in subcellular fractions, freed of formylase, the 
I 
end product of pyrrolase activity is formyl kynurenine~ 
Thus, in the determination of pyrrolase activity in sub-
cellular fractions, the formation of both kynurenine and 
formyl kynurenine was determined. The amounts of the two 
products are summed and reported as ~'total product.·" The 
data in Table 4 indicate that the separation of formylase 
is not complete in all cases. Only in experiment 3 was the 
preparation completely free of formylase as indicated by 
absence of kynurenine formation. On a quantitative ba&is 
the pH 5.4 precipitate (microsomal fraction) of the l~,OOOg 
supernate contained 19-56% of the pyrrolase activity present 
in the whole homogenate. This is in agreement with the data 
of Knox (37). In Figure 7 are presented the results of ex-
periments on the preparation of subcellular fractions by 
differential centrifugation. Here it can be seen that· in 
homogenates from non-induced rats 88% of the pyrrolase acti-
vity remains in the 140,000g supernatant fraction (soluble 
fraction of cell) while only 12% appears in the microsomes. 
Approximately the same distribution is seen for the fractions 
of homogenates from induced rats. 
The data thus point out that the enzyme may appear 
in two different subcellular fractions depending upon the 
method of fractionation. A possible explanation for this 
observation might be that the pyrrolase is actually a soluble 
r. 
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enzyme which only poincidentally co-precipitates ~ith the 
microsomes from an acid media. Two possible ways for this 
co-precipitation to occur are (1) tryptophan pyrrolase has 
its isoelectric point at pH 5.4 and thus is insoluble at 
that pH or (2) the enzyme forms a salt linkage with the 
microsomal particles at pH 5.4 and is pulled out of solu-
tion with them. Experiments designed to elucidate these 
two possibilities were performed. First, if the isoelectric 
point was pH 5.4, then it would be expected that acidifica-
tion of the enzyme-containing, microsome-free, soluble 
fraction obtained by centrifugation at lOO,OOOg would 
also cause the active enzyme to precipitate out of solu:tion. 
The data in Figure 8 show that only 5% of the enzyme in 
the soluble fraction is precipitated out at pH 5.4 while 
46% remains in the supernatant fraction, the remaining 49% 
of the activity presumably lost due to enzyme inactivation 
caused by the fractionation procedure. Since approximately 
one half of the original enzyme activity is not precipitated 
by the acid treatment, the data argue against an isoelectric 
precipitation. Second, if. a salt-linkage is formed at pH 
5.4, then neutralization of the pH 5.4 precipitate contain-
ing the microsomal particle - pyrrolase enzyme complex should 
result in breakage of the salt linkage and subsequent centri-
fugation at 140,000g should result in a separation of tbe 
enzyme and microsomes. The data in Figure 9 show that such 
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a procedure does in fact almost completely separate the 
enzyme from the microsomal particles. These observations 
suggest the second mentioned possibility~ i.e.~ that the 
tryptophan pyrrolase is a soluble enzyme which under special 
conditions is co-precipitated with the microsomal particles 
as a salt-like complex. 
Benzpyrene Hydroxylase 
Conney et al. (12} have shown that benzpyrene hydroxylase 
is a TPNH-requiring enzyme located entirely in the microsomal 
fraction of the cell. 
Effect of Fasting on Tryptophan Pyrrolase 
I 
Early in the investigation of the induction of this 
enzyme it was decided to fast the rats. overnight in ord~r to 
eliminate differences in intake of dietary tryptophan and to 
lower the free tryptophan level in the liver. This was done 
with the hope of producing lower~ more uniform basal levels of 
pyrrolase activity. It soon became obvious that fasting~ 
instead of producing lower enzyme levels~ actually caused 
an increase in activity. In Figure 10 are presented data 
from a systematic study of the effect of fasting on basal 
pyrrolase activity in weanling and adult rats. It can be 
seen that in weanlings there is no significant effect of 
fasting until 11-20 hours~ at which time the rats have lost 
24% of their body weight. Further deprivation of food leads 
to significantly higher levels of enzyme activity. It is 
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interesting to note that in adult rats of initial body 
weight 190-230 grams~ there is no significant increase in 
pyrrolase activity until 41-60 hours of fasting. This 
corresponds to a percent weight loss of 21%~ approximately 
the same point in terms of percent of initial body weight 
lost at which the weanlings first demonstrated an elevated 
enzyme level. Thus~ the elevation of enzyme appears to be 
more directly related to the percent body weight lost rather 
than the duration of fasting. 
In the face of the stressful nature of fasting ~nd the 
known ability of certain corticoids to cause increased trypto-
phan pyrrolase levels~ experiments were performed to study 
the effect of fasting in adrenalectomized rats. The re,sul ts 
are presented in Figure 11. It can readily be seen that 
adrenalectomy completely abolishes the fasting-induced 
response. Furthermore~ addition of 5% glucose~ as an energy 
source~ to the drinking water of intact fasted rats also 
abolished the fasting-induced response~ presumably by al-
leviating the stress. The glucose-fed rats lost slightly 
less body weight than did the completely ~asted rats~ bUt 
the difference was statistically significant. 
Ef~ect o~ Fasting on Basal Levels of Benzpyrene Hydroxy1ase 
0 N 
Figure 12 shows that in a limited number of experiments 
fasting had no marked stimulating ef~ect on the hepatic 
benzpyrene hydroxylase levels of weanling rats. 
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Turnover of Hepatic Nucleic Acids During Induction of 
Tryptophan Pyrrolase 
I 
FeO:gelson et al. (20) have reported recently that, during 
the 5 hour period of increasing hepatic pyrrolase activ,ity 
following tryptophan administration to rats there is no1 
change in the rate of uptake of p32 into hepatic RNA. ~ow­
ever~ at 8-15 hours after the administration of tryptophan~ 
during which t~me period the enzyme activity is falling' 
rapidly back to control levels~ there is.a marked stimul-
ation of RNA phosphate turnover~ interpreted by the authors 
I 
as an increase in RNA synthesis. On the basis of their ob-
servations Feigelso~ and his co-workers suggested the work-
ing hypothesis that the substrate-induced increase in trypto-
phan pyrrolase activity is due to de Q£Y£ synthesis of enzyme 
and that this stimulated synthesis of enzyme protein utilizes 
and consumes pre-existent RNA which must be replenished at 
some subsequent period. 
Since these experiments reported by Feigelson were 
performed on intact rats~ the possibility remained that the 
results observed were due to corticoids released from the 
adrenals by a nan-specific stress resulting from the intra-
peritoneal injection of tryptophan. In fact~ it appeared 
more reasonabl~ to interpret the marked RNA turnover as 
being associated with a general metabolic effect of the 
corticoids on the total liver protein rather than with the 
specific synthesis of a single enzymatic protein out of the 
vast complement of hepatic protiens. Thus~ it became of 
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interest to investigate the uptake of P32 into nucleic 
acid during tryptophan pyrrolase induction in adrenalectom-
ized rats, thereby eliminating the complicating factor of 
adrenal stimulation. 
Before these experiments on adrenalectomized rats 
were performed, it was deemed necessary to repeat exactly 
the experiments of Feigelson et al. for the purpose of con-
firming their result-s. In Table 5 are presented the results 
of these preliminary experiments. The data are expressed 
as the relative specific activities to correct for any 
minor variations in the in vivo inorganic. phosphate poo,l 
size. It is also to be noted that whereas the liver 
tryptophan pyrrolase data indicate the level of enzyme at the 
time of sacrifice, the isotope incorporation data refle'ct 
events which occurred during the 2 hour isotope incorpora-
tion period preceding the time of sacrifice. It can be 
seen in section a of the table that at 15 hours after the 
injection of tryptophan there is certainly no marked change 
in the rate of incorporation of p32 into RNA. This is at a 
time period at which Feigelson et al. report a 3-4 fold 
increase over controls. Since the tryptophan pyrrolase 
levels at 15 hours after tryptophan, as shown in section a 
of Table 5, are not markedly increased over the usual con-
trol values seen for non-injected ~ats of the same strain 
and weight and whereas Feigelson et al. report a 2 foltl 
increase in enzyme activity at this time, it was thought that 
68. 
TABLE 5 
THE EFFECTS OF TRYPTOPHAN PYRROLASE INDUCTION ON THE TURNOVERS 
OF NUCLEIC ACIDS 
a. Ad Libitum Fed Rats (a) 
TIME (Hours) TRYPTOPHAN RELATIVE ~P,CIFIC 
PYRROLASE ACTIVITY ACTIVITY b 
POST TRYPTOPHAN micromoles Kyn/hr/mg RNA DNA 
DNA 
0 (1.90±0.21) (c) 
1.86 .470 
2.21 .497 
3.29 .527 
2.45 1.98 .155 
10 3.39 3.04 .226 
4.48 1.82 .196 
1.56 3.44 .492 
1.21 2.47 .199 15 
b. Fasted Rats (b) 
0 
2.43 
2.01 
0.86 
1.67 
1.52 
1.71 
.210 
.153 
.358 
(a) 
(b) 
15 
1.44 
1.82 
1.14 
1.87 
1.23 
1.87 
.127 
.127 
.111 
Each horizontal line represents the- data from one liver. 
RELATIVE SPECIFIC ACTIVITY = Specific Activity of Sample X 100 Specific Activity of In-
organic Phosphate 
where specific activity equals counts/~injmicrogm P 
(c) The enzyme activity of these zero hours samples were not 
assayed directly. This number represents the mean and 
standard error of a comparable group of non-injected rats. 
perhaps the overall inductive phenomenon as seen in this 
laboratory was more transient in nature. For this reason~ 
~32 uptake was measured at 8-10 hours post-tryptophan. Once 
again it can be seen from the data that there was no marked 
change in the relative specific activity of the RNA relative 
to controls. At this time interval the enzyme level was 2-3 
fold greater than the usual control values. 
At this point it was noted that Feigelson et al. had 
fasted their animals 20 hours prior to sacrifice whereas in 
the experiments reported in section a. of Table 5 the animals 
had been fed ad libitum. Munro et al. (55) have shown that 
the rate of incorporation of P32 into liver RNA is determined 
by e~ergy intake~ increasing increments in energy intake 
causing an increase in turnover of RNA phosphorus. Davidson 
and Freeman (16) have shown that fasting causes a. decreased 
..... ,, 
uptake of p32 into mouse tumor RNA. On the basis of this 
information it was thought that in Feigelson's experiments 
fasting led to a. decreased uptake of P32 into the nucleic 
acids and that administration of the tryptophan served as a 
source of available energy which would then stimulate the up-
take of p32 • If this were so~ then any other administered 
energy source might stimulate the nucleic phosphate turnover 
independent of any induction phenomenon. Experiments were 
thus performed on fasted rats and the results are seen in 
section b of Table 5. However~ once again there is seen no 
marked stimulation of p32 uptake into RNA. 
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Analysis of the total pooled data from Table 5 by means 
of the Fisher Exact Test for a 2x2 Table (23a) showed that 
fasting caused a significantly lower (P = .05) uptake. of p32 
into RNA but had no significant effect on the uptake into 
DNA. Furthermore~ there was no significant effect of 
tryptophan administration on uptake of P32 into RNA in fed 
rats (P = 0.5) or in fasted rats (P = 0.5). There was also 
no significant effect on the incorporation of p32 into DNA 
in fed rats (P - 0.07) or in fasted rats (P = 0,12). 
Thus~ the results from this laboratory still failed to 
confirm those of Feigelson et al. 
--
At this point it was noted 
that Feigelson~ while administering approximately the same 
total dose of the inducer~ tryptophan~ as was administe~ed to 
the animals in Table 5~ had injected a smaller volume of a 
substantially higher concentration~ viz. 1.8 ml of a 5%, 
suspension per 100 gm body weight versus 5.0 ml of a 2% 
solution per 100 gm body weight used in this laboratory. 
This concentration difference appeared important since a 2% 
solution represents the maximum concentration to which tryptophan 
can be completelydissolved. Higher concentrations of trypto-
phan are merely suspensions of the amino acid. One possible 
result of the intraperitoneal injection of a 5% suspension 
might be a greater stress on the animal with a resultant re-
lease of corticoids which in turn might be the causal agent in 
the increased uptake of p32 into RNA as seen by Feigelson. 
This possibility of the corticoids being the causal agent was 
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mentioned earlier. The increased stress might arise .from at 
least two sources, firstly from particles of tryptophan. ad-
hering to and irritating the intestines and secondly from the 
use of an extremely large bore needle needed to inject a 5% 
suspension of tryptophan. Furthermore, a higher level of 
circulating corticoids in addition to the prolonged action of 
tryptophan que to delayed absorption might reasonably account 
for the elevated pyrrolase levels seen by Feigelson at l5 hours 
whereas in the experiments reported here the level of enzyme 
had returned to control values by that time. 
Experiments were performed in which tryptophan was 
I 
injected as a 5% suspension. It was found that a 13 guage 
needle (O.D. = 3/16 11 ) was the smallest bore needle through 
which a 5% suspensi;n of tryptophan could be easily injected. 
Fifteen hours after the injection of trypt0phan, tryptophan 
pyrrolase was assayed. The resulting level of enzyme activity 
was not significantly different from non-injected or sali~e­
injected rats. Thus, at least in terms of the tryptophan 
pyrrolase levels it appeared that injection of particulate 
amino acid had no effect as compared to the amino acid in 
solution. However, in a personal communication with Feigelson 
it was found that in their laboratory the tryptophan suspension 
was injected via. a trochar of diameter much greater than the 
13 guage needle used in this laboratory. Thus, there remains 
the distinct possibility that Feigelson's data may be inter-
preted on the basis of the stress-mediated adrenal secretion. 
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Experiments were performed to determine whetherJ in 
factJ certain corticoids could stimulate the uptake of ,P32 
into RNA. The results are presented in Table 6. Cortisone at 
a dose of .5 mg/100 gm slightly but not significantly in-
creased the tryptophan pyrrolase level whereas the same dose 
of hydrocortisone caused a 2.5 fold increase. This agrees 
with the data of Thomson and Mikuta (67a). The data on the 
uptake of p32 into RNA serves to further separate the 
phenomenon of enzyme induction and stimulation of RNA 
phosphorus turnover. For exampleJ the cortisoneJ which had 
little effect on the enzymeJ significantly increased the 
uptake of p32 into RNA; hydrocortisone which had a marked 
inductive effect on the pyrrolase enzyme exhibited no sig-
nificant effect on p32 uptake. 
Effect of Serial Doses of Tryptophan on Tryptophan Pyrrolase 
Induction 
Feigelson (20) has suggested on the basis of observa-
tions which have not been directly confirmed in this lab-
oratory that the inductive phenomenon utilizes and consumes 
RNA which must then be resynthesized at some subsequent time 
(13-15 hours). One way to test this hypothesis experimentally 
would be to give a maximum inducing dose of tryptophanJ i.e. 
a dose which ~n the basis of the hypothesis might be expected 
to consume all template molecules. At that time at which 
the increasing enzyme has reached its maximum level (5 hours) 
TABLE 6 
EFFECT OF HORMONAL INDUCTION OF TRYPTOPHAN PYRROLASE ON NUCLEIC ACID TURNOVER 
RELATIVE SPECIFIG RELATIVE SPECIFIC 
(b) TRYPTOPHAN PYRROLASE (c) ACTIVITY OF RNA ~d) ACTIVITY OF DNA (d) 
N micromoles Kyn/mg DNA ~ N · P N . . P Drug (a) 
Saline 
Cortisone 
(0.5 mg/100 
gm) 
10 
6 
Hydrocortisone 
(0.5 mg/100 3 
gm) 
1.90 10 1.78 8 .230 
2.25 .2 6 2.16 .02- 6 .136 .02-
-~- ~05 ~ .05 
5.21 .001 3 2.03 .2 3 .253 .5 
(a) The drug or saline was administered IP and the animal sacri~iced 5 hours later. 
(b) Number o~ observations 
(c) 
(d) 
Signi~icance of the difference from saline controls as determined by group 
analysis with student~s t test. 
Relative Specific Activity = Specific activity of sample X 100 
Specific activity of inorganic phosphate 
where specific activity = counts/min/microgm P. 
--1 
w 
• 
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a second identical dose of tryptophan is given and the enzyme 
assayed 5 hours later. If the first burst of enzyme induction 
had, in fact, consumed all the specific template-like pro-
duct, then the second dose of tryptophan should not result 
in as great an increase in an induced enzyme level at the 
end of the second 5 hour period as is seen at the end or the 
·first 5 hour period. The data in Table 7 indicate that such 
' is not the case. In fact, the second dose of tryptophan 
results in an induced response at the end of 5 hours equal 
to that seen with the first dose at the end o~ its 5 hour 
period. Thus, the enzyme forming system appears to be 
equally reactive to the second stimulus as to ~he ~irst •. 
Effect of In Vivo Administration of Dimethylaminoazobenzene 
(DMAB) on Basal and Induced Tryptophan Pyrrolase 
In 6he experiments reported in Figure 13 a carcinogenic 
azo dye, dimethylaminoazobenzene (DMAB) was fed chronically to 
rats in a low-riboflavin synthetic diet at a dose level of 
0.06%. At various times intervals animals were ass~yed for 
their basal and tryptophan-induced levels of pyrrolase. Two 
different control groups were maintained in this exper~ent 
and assayed along with the experimental group at each time 
interval. One of these control groups was maintained on 
standard lab chow pellets and the other on the synthetic diet 
free of DMAB. Since there were no significant differences 
between the two control groups at any given time interval and 
since neither of the two controls changed significantly during 
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TABLE 7 
EFFECT OF SERIAL DOSES OF TRYPTOPHAN ON TRYPTOPHAN PYRROLASE 
. . . INDUCTION 
Group Treatment 
A Control Rats 
Rats injected with 
B Tryptophan (100 mg/lOOgm) 
and sacrificed 5 hours 
later 
Rats injected with 
C Tryptophan (100 mg/lOOgm). 
5 hours later same dose 
is repeated. Rats 
sacrificed 5 hours after 
second dose. 
(a.) Mean ± standard error. 
No. of 
Rats 
6 
9 
6 
Tryptophan ( ) 
Pyrrolase a 
micromoles Kyn/ 
hr/mg DNA 
1.53 ± p.l5 
7.84 ± 
18.25 ± 
(b) 1.02 
(b) Groups A and B are significantly different at the 
P = .001 level as are Groups B & C. 
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the course of the experiment~ all control data were pooled 
and shown in figure 13 as single bars for·both the basal and 
induced enzyme. 
It can be seen from the figure that there was a progres-
sive decrease in basal enzyme with continuous feeding of the 
dye~ the decreased level not becoming significantly dif-
ferent from control levels until the 42nd day. Six animals 
were maintained on the diet beyond 42 days. In 3 animals who 
survived for 240 days~ the mean basal activity is seen to have 
approached control levels but becau~e of the small number of 
animals at this point~ the significance of this change,is 
questionable. In the case of the induced enzyme there is 
seen a significant decrease of approximately 40%~ evident as 
early as after 14 days of feeding. There was no further change 
in induced enzyme up to 42 days of feeding. Again 6 animals 
were maintained on the diet for periods beyond 42 days. In 4 
who survived for 240 days~ the induced enzyme level is seen 
to have returned to control levels. It should be mentioned 
that all the values at 240 days were obtained from liver 
s~ples which were grossly free of tumor tissue. In only 
2 of the 7 surviving animals on azo dye was there sufficient 
solid tumor tissue to be used for enzyme assay. These two 
tumor samples came from animals which had been given the 
inducing dose of tryptophan. The results of the enzyme assay 
are shown in figure 13 where it is seen that the induced 
enzyme level in the tumor tissue was considerably lowen than 
78. 
in the apparently normal tissue from the corresponding livers. 
In view of these chronic effects, it became of interest 
to inve.stigate the acute effect of a large intraperitoneal 
dose of DMAB on the basal and induced pyrrolase enzyme. In 
figure 14 are presented the data from such an experiment. 
DMAB was given intraperitoneally in corn oil at a dose of 
25 mg/100 gm body weight. Control animals were given corn oil 
alone. Twenty four hours later a control volume of saline 
was given intraperit0neally to one group of rats and the 
inducing dose of tryptophan (lo~mg/100 gm body weight) to a 
second group. Five hours later the basal and induced enzyme 
levels were assayed. No significant difference from controls 
is seen in the basal enzyme 24 hours af"ter the administration 
of DMAB. The mean induced enzyme level was approximat~ly 25% 
lower in the dye injected rats than in controls but this was 
not statistically significant (P = 0.3). 
Effect of Inhibitors of Nucleic Acid Synthesis on Tryptophan 
Pyrrolase Induction 
In Figure 15 are shown the effects of an LD50, dose of 
aminopterin (.645 mg/100 gm) on the basal level and the trypto-
phan-induced increase of tryptophan pyrrolase. The aminopterin 
or saline control was given intraperitoneally 24 hours prior 
to administration of the inducer. Tryptophan or saline as a 
control was then given intraperitoneally and livers were 
assayed at 0, 1, 3, 5, and 7 hours. Several things are to 
be noted from this figure. 
' ; . 
70. 
J 
•• 
--E====:::j· H 
. ij 
-~====~·H l 
,
H 
., 
• • 
• 
Pte'Jr-e 15 
EPPBCT OF A.'l' LD50 IX>S;.;. OF' 
AlUKOPl'E!((Jo. O» '1":-tZ TIME COU:ISE 
o~ Tln'PTOP'dAN P'Vli:ROLAS! :moocnoN" 
~·· """~ ... .,~ 
-·~ ·~ 
...... 1.,::::; 
••i-----.---,.--" • .-- r ~ 
• 
eo. 
81. 
1. The aminopterin alone significantly increases 
the basal level of enzyme two fold~ most likely 
due to release of adrenal corticoids by a non-
specific stress reaction. 
2. If the total enzyme accumulated~ i.e.~ the basal 
plus induced~ is compared for the control and 
drug-treated groups~ then it is seen that the 
aminopterin produces a significant stimulation 
of induction at 1~ 3 and 7 hours. At 5 hours~ 
the point of maximum induction in the controfu 
group~ the induction phenomenon is slightly 
but significantly suppressed. 
3. If~ however~ the basal enzyme is subtracted 
from the total accumulated enzyme for both the 
control and drug-tested groups~ thereby lowering 
the entire aminopterin-tryptophan curve and 
saline-tryptophan curve to a common baseline~ 
then it is seen that at 1~ 3 and 7 hours the 
aminopterin has no significant effect on the 
enzyme induction. On the other hand the sup-
pression at 5 hours becomes more significant. 
I 
4. Finally~ it can be seen that the drug causes 
no marked change in the initial rate of accumula-
I 
tion of total enzyme up to 3 hours. 
In Figure 16 are shown the effects of an LD50 dose of 
5-fluorouracil (§ FU) on the basal level and inductive 
Plg'u:<e 16 
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phenomenon. The same interpretations can be made from this 
figure as were done with aminopterin. There is significant 
stimulation of the basal enzyme by the drug; stimulation 
of induction at 1, 3 and 7 hours which becomes not signifi-
cantly different from controls when corrected for basal 
enzyme; suppression at 5 hours which becomes even more 
marked when corrected for basal levels, and no apparent 
difference in the initial rate of accumulation of total 
enzyme. 
In Table 8 is shown a summary of the effects of' 
several different pharmacologic agents on the basal and 
5-hour tryptophan induced enzyme. It can be seen that 
I 
' 
three of the agents tested, aminopterin, 5 FU and nitrogen 
mustard, all significantly increased the basal enzyme while 
significantly suppressing the 5-hour total (induced plus 
basal) enzyme level. On the other hand, one of the d~gs, 
' the substituted pyrimidine, had no apparent effect on the 
basal enzyme yet significantly suppressed the inductive phen-
omenon. This substituted pyrimidine was of particular interest 
since it had been shown by Kunkee (43) to stimulate beta-galacto-
sidase induction in E. Coli. Finally, the carcinogen, DMAB, 
had no acute effect on either enzyme level. 
Effect of Aminopterin on the Induction of Benzpyrene 
Hydroxylase by 3-Methylcholanthrene 
An LD50 dose of aminopterin in saline or an equal 
volume of saline alone as a control was given to a group of rats 
24 hours prior to administration of 3-methylcholanthrene (MC) 
TABLE 8 
EFFECT OF SEVERAL CARCINOGENIC AN~ CARCINOSTATIC COMPOUNDS 
ON BASAL AND 5-HOUR INDUCED TRYPTOPHAN PYRROLASE 
Dose 
Drug ** (mg/kg) 
Aminopterin 
5-Fluorouracil 200.0 
Nitrogen Mustard 2.0 
(HN2) 
DMAB 
5 NH2 ., 2-4 bi:s (benzylamino)-
Pyrimidine 
250.0 
7-5 
Per cent changes from control 
which are significant at 
P = .05 level * 
Basal Basal + Induced 
Enzyme Enzyme 
+ 91% - 18% 
+ 49% - 34%' 
+148% - 40% 
<) 0 
0 Q 56%' 
* 0 indicates no significant change. 
** all drugs given 24 hours before administration o~ 
inducer. 
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in corn oil or corn oil alone as a. control. Twenty fou.r hours 
after the injection of MC the animals were sacrificed and 
benzpyrene hydroxylase was assayed. The results are shown 
in Figure 17. The aminopterin is seen to have no signifi-
cant effect on either the basal or induced enzyme. 
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DISCUSSION 
Knox (38) and others (20~ 46~ 59) have shown that 
the hepatic enzyme~ tryptophan pyrrolase~ can be induced 
in the rat by administration of the substrate~ tryptophan~ or 
by administration of several of the adrenal corticoids. 
Conney (12) has demonstrated a similar inductive effect on 
benzpyrene hydroxylase in liver following the administration 
of its substrate~ benzpyrene~ and other polycyclic hydro-
carbons~ to weanling rats. Since several lines of evidence 
have indicated that the ·inductive responses in these two 
cases are examples of de ~ synthesis of enzymatically 
active protein~ it became of interest to further investigate 
the relationship of the inductive response to nucleic :acid 
and protein synthesis. An approach to the problem was made 
from essentially two directions: first~ by studying the 
turnover rate of the nucleic acids during induction and 
second~ by investigating the effect on induction of several 
' 
carcinogenic and carcinostatic agents~ known to have profound 
effects on normal nucleic acid and protein synthesis in other 
systems. It was also of interest to compare~ where possible~ 
the results obtained for the two physiologically different 
enzyme systems mentioned above. 
Before the main objectives of this present study were 
attempted~ certain fundamental properties of the two ~nzyme 
systems were investigated. 
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Intracellular Localization 
Benzpyrene hydroxylase, an enzyme which metabolizes 
compounds essentially foreign to the body, has been shown 
by Conney (12) to be a TPNH-requiring enzyme located in the 
microsomal fraction of the hepatic cell. 
Tryptophan pyrrolase, an enzyme which metabolizes a 
substance normally p~esent in the body~t a considerable 
concentration, has been mentioned in several publications 
(23, 38) as being located entirely in the soluble cell sap 
but no data has been published definite-ly establishing this 
point. Feigelson and Greengard (20a, 27, 27a), on the other 
hand, have shown that only 1/3 of the activity of the whole 
homogenate is recovered in the soluble cell sap of livers 
from non-induced rats and that recombination of this frac-
tion with the enzymatically inactive microsomal fraction 
restores the original activity. They further have shown 
that in substrate-induced rats almost 100% of the induced 
activity of the whole homogenate is recovered in the soluble 
cell fraction and that recombination with hepatic microsomes 
from normal or induced rats no longer increases this level 
of activity. On the basis of this evidence, Feigelson sug-
gests that the substrate induction of tryptophan pyrrolase 
may be due, at least in part, to an intracellular translo-
cation of the activator. On a quantitative basis the data 
collected in the present study on the intracellular locali-
zation of tryptophan pyrrolase in the livers of non-induced 
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rats appears to contradict the data of Feigelson and Greengard. 
In the present study approximately 90% of the non-induced 
pyrrolase activity is recovered in the soluble fraction of 
the cell, whereas, as stated above, Feigelson and Greengard 
reported only approximately 33% recovery of the non-induced 
pyrrolase activity in the soluble fraction. However, this 
difference may be readily explained on the basis of a dif-
ference in the assay procedure. Thus Feigelson and Greengard 
assayed the various subcellular fractions without the addi-
tion of hydrogen peroxide or a hydroge~ peroxide generating 
system which Civen and Knox (3) have shown ia necessary for 
development of maximum tryptophan pyrrolase activity. In 
the studies reported here a hydrogen peroxide-generating 
system was incorporated into the assay procedure. Thus, in 
the pr~sent report the total potential enzyme activity was 
measured whereas in Feigelson and Greengard's work only a 
portion of the total enzyme was measured. It is of interest 
to note that in the latter work the addition of microsomes 
or an acid-acetone extract of microsomes to the soluble 
fraction of the cell stimulates the pyrrolase activity to 
a level equal to or even greater than that seen in the 
whole homogenate. Data are presented which indicate that 
the microsomal factor is an iron-containing protoporph~in 
which the authors suggest serves a coenzyme function. Civen 
and Knox (3) have shown that tryptophan pyrrolase is a heme-
containing enzyme, that the iron of the heme group must be 
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in the reduced ferrous state in order to be activeJ and 
that hydrogen peroxide serves to reduce the inactive 
ferric-heme to an.active ferrous-heme group. ThusJ the 
hydrogen peroxide and microsomal protoporphyrin appear to 
have an equivalent function - to maint.ain the coenzyme re-
quirements necessary for full expression of tryptophan pyr-
rolase activity·. The fact that addition of excess amounts 
of either hematilin (a form of ferri-protoporphyrin) or of 
hydrogen peroxide lead to inhibition of tryptophan pyrro-
lase activity lends support to the contention that the two 
factors subser.:ve a common function. At any r~teJ the data 
presented in the present study establish the fact that 
tryptophan pyrrolase is located exclusively and quantita-
tively in the soluble fraction of the cell. 
Knox (37) has published a method for isolation and 
purification of tryptophan pyrrolase from liver homogenates 
which depends upon recovery of the enzyme in the pH 5.4 
precipitate of the llJOOOg supernate. Classically) this 
particular fraction is found to contain the RNA-rich micro-
somes) thus leading one to the conclusifun that the enzyme 
is microsomal in nature. Evidence has been presented 
in the present study which indicates that the pyrro.lase 
enzyme is not microsomal in nature and that it merely co-
precipitates with the microsomes at pH 5.4J most likely by 
means of formation of a salt-like complex. 
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Effect of Fasting on Tryptophan Pyrrolase and Benzpyrene 
Hydroxylase 
It was found in the present study that fasting the 
animals for various periods of time caused increased basal 
levels of tryptophan pyrrolase. A differential effect was 
seen in weanling rats as opposed to adult rats. In weanlings 
there was no significant effect of fasting until 11-20 hoursJ 
at which time the rats had lost 24% of their initial body 
weight. In adult rats of initial weight 190-ZGO gmsJ there 
was seen no significant increase in pyrrolase activity until 
41-60 hours of fastingJ at which time the rats had lost 21% 
of their body weight. ThusJ it appeared as if the increase 
in basal enzyme seen during fasting of rats of different 
weight ranges was more directly related to the percent body 
~eight lost during fasting rather than to the duration of 
fasting. 
Chiancone (3) has reported no effect of fasting on 
basal tryptophan pyrrolase levels of adult rats up to 13 
days. That these animals were of a strain of rats of greatly 
different physiological state than these used in the present 
study is supported by the fact that Chiancone~s rats lost 
only 20% of their initial body weight by the 8th day of 
fastingJ whereas the Sprague-Dawley strain of the same weight 
used in the present study lost 21% of their body weight after 
approximately 2, days of fasting. What is moreJ of six 
Sprague-Dawley rats fasted for prolonged periodsJ all six 
died on the 6th-7th day. ApparentlyJ the Sprague-Dawley rats 
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have a more rapid rate of metabolism and thus are more sensi-
tive to food deprivation. 
That the fa.st-~nduced increase in pyrrolase activity 
was due to stress-stimulated adrenal secretion was shown by 
complete loss of the response in adrenalectomized rats and 
in intact animals in which the stress was relieved by 
supplying an energy source in the form of 5% glucose in the 
drinking water. 
These data have two interesting implic~tions. Firstly~ 
is the realization that one must be careful in interpreting 
the results of drug action on this particular enzyme system 
in intact anima~s as being due to a direct effect of the drug. 
Thus the effect may be caused by the anorexia produced by the 
drug. Secondly~ it shows that in the face of a severe nega-
tive nitrogen balance the rat can still synthesize large 
amounts of a specific anzyme. Under conditions of negative 
nitrogen balance when no exogenous source of energy is sup-
plied~ the amount of specific enzyme synthesized is greater 
than that synthesized by fed controlsj when a partially ade-
quate energy source is supplied (as 5% glucose in the drinking 
water) the amount of specific enzyme synthesized is equal to 
that synthesized in fed controls. On a teleological basis it 
might be assumed that the animal synthesizes tryptophan 
pyrrolase in the face of a negative nitrogen balance and 
relative lack of energy-producing substrates so that he 
might more readily oxidize all available energy sources~ 
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i.e.~ the tryptophan ·released from the catabolism of body 
protein. When there is a partial supply of exogenous energy 
such as 5% glucose in the drinking water~ the demand for 
energy is not so great and thus the level of the pyrrolase 
enzyme is not maintained at elevated levels. Mangoni et al. 
(52~ 53) have reported that in rats fed a low protein (8%) 
high caloric diet for 21 days the basal tryptophan pyrrolase 
level falls to one half that seen in rats on an isocaloric 
diet with 30% protein. Mangoni 1 s data may be interpreted 
as a situation where the animal has sufficient energy-
yielding substrate in its diet so that it no longer needs 
to metabolize endogenous tryptophan for energy~ but now has 
to build up body protein from the available amino acids and 
so the synthesis of tryptophan pyrrolase falls. Further 
support for this teleological explanation of the observed 
facts is the lack of a marked effect of fasting on benzpyrene 
hydroxylase~ presumably a non-energy yielding enzyme. 
Turnover of Nucleic Acids during Induction of Tryptophan 
Pyrrolase 
Chantrenne (2) has recently reviewed the literature 
pertaining to the reiatibnship of nucleic acid metabolism and 
induced enzyme formation in micro-organisms. Though the 
argument rages as to whether the process of enzyme induction 
leads to and is dependent upon de ~ synthesis of particu-
late RNA or whether it merely causes a more rapid turnover of 
oligonuceotidic RNA (sRNA) which is then ultimately incorporated 
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into the particulate RNA~ the fact remains well-established 
that enzyme induction leads to an increased incorporation of 
precursors into particulate RNA. To the end of extending 
this information to the mammalian field~ Feigelson et al. 
(20) have examined the incorporation of p32 into the nu-
cleic acids of the liver of the intact rat during substrate-
induction of the hepatic enzyme~ tryptophan pyrrolase. As 
has been amply described in the Results section~ Feigelson 
et al. reported that they found a marked stimulation of p32 
uptake into RNA 8-15 hours post-tryptophan~ a time at which 
the induced activity was falling back to control levels. 
Because of the greater organizational complexity of 
the intact mammal versus a micro-organism~ it was felt that 
the stress-stimulated secretion of adrenal corticoids might 
account for the results observed by Feigelson et al. For 
the purpose of shedding further light on this possibility~ 
it was planned to repeat the experiments on adrenalectomized 
rats. However~ before doing so~ preliminary experiments 
were performed to confirm the data of Feigelson et al. As 
has been shown in the present study, their results were not 
confirmed. There were found no marked changes in the rate of 
uptake of p32 into either RNA or DNA at 15 hours post trypto-
phan. The distinct possibility remains that the data of 
Feigason et al. can be interpreted in terms of an adrenal 
corticoid effect since they inject the inducer into their 
intact animals by means of a trochar given intraperitoneally. 
93. 
It appears reasonable that this method produced considerable 
stress in the animal with subsequent release of corticoids. 
To support this conclusionJ experiments were performed to 
determine if certain of the corticoids couldJ. in factJ cause 
a stimulation of the rate of p32 uptake into the nucleic 
acias. Cortisone (0.5 mg/100 gm body weight) was shown to 
cause a significant increase in the rate of p32 uptake into 
RNA 5 hours after injectionJ concomitant with a decreased 
rate of uptake into DNA. FurthermoreJ these effects were 
produced by a dose of cortisone whichJ in itselfJ hqd no 
significant effect on the level of tryptophan pyrrolase. 
On the other hand~ another corticoidJ hydrocortisone (0.5 
mg/100 gm body weight) had a marked inducing effect on the 
pyrrolase enzyme at 5 hours after injection but had no sig-
nificant effect on the turnover of either RNA or DNA. 
These data indicate that at least one of the naturally oc-
curring corticoids can stimulate the turnover of RNA. 
Further.moreJ in the case of hydrocortisoneJ they provide 
another example of induction of tryptophan pyrrolase 0ccur-
ring in association with no marked changes in nucleic acid 
turnover. 
That induction of mammalian tryptophan pyrrolase does 
occur in the absence of any marked changes in nucleic acid 
turnover is not entirely surprising. As a matter of factJ 
it might well have been expected. The tryptophan pyrrolase 
represents but a minute portion of the total complement of 
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proteins in the hepatic cell. If the administration of an 
inducer of tryptophan pyrrolase actually does stimulate the 
synthesis of more enzyme-forming material (i.e., a specific 
RNA template), then it must do so against an extremely large 
background of RNA synthesis. For this reason it seems doubt-
ful that any change in uptake of RNA precursors could be 
detected. Pollock (58) has recently pointed out the same 
criticism of bacterial experiments which have shown in-
creased incorporation of precursors of RNA during enzymic 
induction. 
To further test the hypothesis of Feigelson et al. 
(20) that a specific template-like RNA is utilized and consumed 
during induction and must be resynthesized following induc-
tion, an experiment was performed whereby the induced level 
of tryptophan pyrrolase was measured 5 hours after the second 
of two consecutive maximum doses of inducer given 5 hours 
apart. The rationale here was that the second dose was 
administered at the point of maximum induction of the first 
dose. If the critical template had been consumed during the 
first inductive burst, and not yet resynthesized, then the 
second dose should have a correspondingly smaller inductive 
effect. Such was not found to be the case. On the contrary, 
it was found that the second dose of tryptophan produced a 
response equal to that usually seen for a single dose. 
Effect of Carcinogenic and Carcinostatic Agents on 
Mammalian Enzyme Induction 
Fiala and Fiala (22) have reported on the prevention 
of inductive formation of tryptophan pyrrolase by a carcinogenic 
azo dye~ 4• methyl-dimethylaminoazobenzene. Their data show 
complete inhibition of pyrrolase induction by the 30th day 
on the dye diet. However~ inadequate data and errors in 
their paper leave the validity of the results and the conclu-
sions derived therefrom in doubt. Critical perusal of the 
paper indicate that: 1) the tables are riddled with errors 
in simple arithmetic~ 2) no indication is given in most of 
the tables of numbers of animals used~ 3) no indication is 
given of the variance of a given value or of any other statis-
tical treatment of the data necessary in evaluating the sig-
nificance of the results~ 4) there is arbitrary pairing of 
control and experimental animals, 5) conclusions are drawn 
from an experiment on one animal, 6) there is misleading docu-
mentation of statements and finally, 7) conclusions are d~awn 
which are not supported py the data as Eiven. For these 
reasons and because of the interest in having valid data on 
the effect of azo dyes on tryptophan pyrrola.se, the experi-
ment was repeated in this study, using dimethylaminoa.zobenzene 
(DMAB) as the carcinogen. 
The results indicate a progressive decrease in basal 
enzyme over the duration 0-42 days. With prolonged feeding 
there is an indication that the basal anzyme has returned to 
control levels: The experimental procedure, on the other 
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hand, produced a significant inhibition of induction by 
tryptophan, evident as early as 14 days with no further changes 
seen as late as the 42nd day. Once again, the data suggest 
an overcoming o~ the inhibitory effect with prolonged exposu~e 
to the dye of 240 days. In two solid tumor samples the induced 
level of tryptophan pyrrolase was not significantly higher 
than that seen in "normal" liver of non-induced rats on 
. ' 
DMAB and markedly lower than that seen in nnormal" liver of 
. . 
induced rats on DMAB. The word 11normal 11 here is in quotes 
' . 
to differentiate it from hepatic tissue in rats not exposed 
to the DMAB. The pathologist!s report on this so called 
11 normal" tissue show it to be widely infiltrated with 
adenomatous cells of bile duct origin and carcinomatous cells 
of bile duct and parenchymal cell origin. There was also 
evidence of cirrhosis. 
On the basis of this pathological picture extreme pre-
caution must be taken in deriving conclusions from the bio-
chemical data as to the effect the DMAB has on tryptophan 
pyrrolase induction or on the basal level of the enzjme. 
An excellent example of the pitfalls awaiting tho~e who 
would rush to draw conclusions as to cause and effect can be 
found in the fine paper of Daoust (15). He points out that 
Lamirande et al. (44) had determined by biochemical methods 
the DNAase activity of normal liver, and of cirrhotic and 
neoplastic livers of rats fed DMAB and found that on a uper 
cell" basis, the cirrhotic livers and liver tumors show 
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70-85% of the normal liver activity. Such decrease in 
activity did not seem important in relation with carcino-
genesis but Daoust decided to investigate~ by histochemical 
methods~ the distribution of the enzyme in the same tissues. 
He found that histochemical analysis reveals that the average 
cell DNAase actiyity has quite different meanings in normal 
liver~ cirrhotic liver and liver tumors. In normal liver~ 
it represents the mean activity of parenchymal cells. In 
cirrhotic liver the qverage cell activity (70-84% of normal) 
represents the mean activity of parenchymal cells with normal 
activity~ hyperplastic parenchymal nodules of intense 
activity~ pretumorous parenchymal cells 'or no or little 
activity~ and proliferating bile duct cells and connective 
tissue cells of no activity. In the tumor tissue the average 
cell activity (74% of normal) represents the mean activity of 
the parenchymal tumor cells of little or no activity~ necrotic 
regions of high activity~ and bile duct and connective tissue 
of low activity. Thus~ as pointed out by Daoust~ the net 
result~ a decrease of the order of 25% in the activity,Df 
the average cell of the cirrhot2c liver or the liver tumor 
gives no insight into the many changes taking place at the 
cellular level. Actually~ what appears the most significant 
finding in this study is the fact that some parenchymal 
cells completely lose their DNAase activity in cirrhotic 
liver and that the tumor cells show little or no activity~ 
changes which could not be detected by biochemical analysis 
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o~ tissue homogenates. Thus, until the effect of DMAB on 
tryptophan pyrrolase induction can be determined histo-
chemically, conclusions as to significance of the experiment 
reported here will be deferred. 
In an attempt to study the effects of DMAB on tryptophan 
pyrrolase induction in the absence of changes in tissue composi-
tion, the dye was administered intraperitoneally to rats in a 
massive dose and the basal and induced enzyme was assayed 
24 hours later. In this experiment no significant effect of 
DMAB was seen on either the basal or induced enzyme. 
Effect of Inhibitors of Nucleic Acid Synthesis on Enzyme 
Induction 
The results seen with aminopterin and 5-fluorourac~l 
are singularly surprising. If the hypothesis that the indue-
tion of tryptophan pyrrolase is, indeed, due to de ~ 
synthesis of protein, then it might well have been expected 
that these two inhibitors of nucleic acid metabolism would 
suppress enzyme induction. However, a more complex effect 
was seen. In the early hours before maximum induction was 
reached, the two inhibitors augmented the inductive response. 
At five hours, the point of max'imum induction in control 
animals, the two drugs inhibited the inductive response. And 
finally, in the hours after the maximum level of enzyme, an 
augmentation is again seen. 
Lee (48) has recently reported that several nucleic 
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acid antimetabolites caused augmentation in tryptophan 
pyrrolase induction as measured at one hour after the ad-
ministration of tryptophan) an effect which was converted to 
suppression of inducxion in adrenalectomized animals. Lee 
found that in intact animals the same antimetabolites would 
suppress the induction of tryptophan pyrrolase when used in 
doses much smaller than those required for augmentation or 
when given to the animal closer to the time of injection of 
the inducer. The author concludes that suppression is seen 
under these specialized conditions since stimulation of the 
adrenal glands is avoided. Kvam and Parks have recently 
reported1 that the augmentation in induction (as measured at 
3 hours post tryptophan) caused by azaguanine is converted 
to suppression by adrenalectomy of the animals. 
ThusJ it appears reasonable to suspect that the aug-
mentation seen in this study during the early and late hours 
of induction is also due to some adrenal. stimulation. This 
is supported by the fact that the ·aminopterin and 5-fluoro-
uracil themselves significantly stimulated the basal enzyme 
level in intact animals. The new information from this study 
is that in intact animals both of these nucleic acid inhibitors 
~ 
significantly suppressed the enzyme induction as measured at 
five hoursJ the time of maximum induction in controls. 
Two questions may be asked about these data. FirstlyJ 
1. Personal communication. 
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if the nucleic acid inhibitor can~ in fact~ suppress enzyme 
induction {as shown in adrenalectomized animals and at 5 
hours in intact animals)~ then why in intact animals does it 
not suppress the induction as seen at one and three hours? 
Secondly~ when the increase in tryptophan pyrrolase due to 
adrenal stimulation by the drug alone is mathematically 
subtracted from the augmented levels seen with drug plus 
tryptophan~ why does the corrected value show no significant 
difference from the level seen in non-drug treated induced 
controls~ rather than a significantly lower level as might 
be expected of a suppressing agent? These puzzling questions 
may be answered by the following possibility: the various 
nucleic acid inhibito~s suppress the tryptophan-induced 
increase in enzyme but does not effect the hormonally induced 
increase in enzyme. Thus the augmented enzyme levels seen 
early and late in the induction process would be due to the 
non-suppressed induction of tryptophan pyrrolase by the 
corticoids. This possibility would also account for the fact 
that suppressed levels of activity were not found even after 
correction for the increase in enzyme due to administration 
of drug alone. In this case the intraperitoneal injection 
of tryptophan causes the release of some small amount of 
corticoid which induces probably just enough enzyme to make 
up for the suppression of the tryptophan-induced enzyme~ 
which results in an over-all enzyme level not significantly 
different from that seen in the induced controlo 
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This suggested mechanism may be more clearly under-
stood by referring to the set of theoretical curves in 
Figure 18. In this figure there are shown the possible 
effects of an inducing dose of tryptophan when given at 
time zero. It is visualized that two things then happen. 
First, a small but rapid increase in enzyme activity due 
to release of corticoids via. the stress mechanism (Curve 
A). Second, a. larger, more prolonged increase in activity 
due to substrate induction (Curve B). The total response 
seen in an intact animal would be the sum of curves A 
and B (Curve c). Curve C agrees very closely with observed 
data, i.e., a linear response up to 5 hours with no time 
lag, followed by a logarithmic decrease to control levels. 
The dotted curves would then represent the same injection 
of tryptophan to an intact animal who has been pre-treated 
24 hours previously with a given nucleic acid inhibitor. 
Thus, at time zero the whole process will start at a higher 
level due presumably to the increased level of circulating 
corticoid released by the stress associated with the drug. 
Once again the process can be separated into two phases: 
A corticoid-induced increase in enzyme which is not suppressed 
by the drug (Curve D) and a substrate-induced increase which 
is markedly suppressed (Curve E). The total response seen 
in an intact animal would be the summation of curves D and 
. 
4
E (Curve F). It can be readily seen that Curve F (tryptophan 
given to a drug-treated animal) holds the same relationship 
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to Curve C (tryptophan given to a control animal) as the 
observed drug-treated data do to the observed control data 
:i,.n Figures 15 and 16; i.e., augmentation of induction a.t 1, 
3 and 7 hours and suppression at 5 hours. 
The possibility that an inhibitor of nucleic acid 
synthesis (and thus most often an inhibitor of protein 
synthesis) can suppres-s the substrate induction while having 
no effect on hormone induction is extremely intriguing, for 
it implies that the mechanisms of the two inductions are 
distinctly dif~erent. Other-differences between hormone 
induction and supstrate induction have been noticed. For 
example, Given and Knox (6) found that hormone induction 
occurs without a concomitant increase in free tryptophan in 
the liver. In an earlier paper (5) Given and Knox showed 
that under identical conditions at which tryptophan induced 
tryptophan pyrrolase in slices, hydrocortisone had no effect. 
Mangoni (53) has shown that in animals fed on an 8% protein 
diet the substrate induction is suppressed while cortisone 
induction appears unimpaired. These data suggest that the 
hormone-induced increase in pyrrolase is not due to de ~ 
synthesis of protein. Unfortunately, the two most important 
experiments for proof or disproof of the de ~ mechanism, 
ethionine inhibition and uptake of radioactive amino acid 
into the enzyme, have not been done for the hormonal induc-
tion o~ tryptophan pyrrolase. Another critical experiment to 
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perform would be to test the effect of several of the nucleic 
acid inhibitors used in this study on the hormonal induction. 
Lee has concluded on the basis of his data (48) that 6-
mercaptopurine does not block the increase in tryptophan 
pyrrolase induced by hydrocortisone treatment. However~ 
examination of the table from which he draws his conclusion 
indicates that hydrocortisone was given only to the 6-
mercaptopurine treated group. No control response to hydro-
cortisone is given. This fact makes Lee!s conclusion on this 
point more speculation. Future work in the area of mammalian 
induction must~ therefore~ consist of a clear-cut demonstra-
tion of the basic mechanisms involved in the substrate- and 
hormone-induced increases in enzyme activity. 
Benzpyrene Hydroxylase vs. Tryptophan Pyrrolase 
Benzpyrene hydroxylase~ an( enzyme which metabolizes a 
substrate essentially foreign to the mammalian body, and 
tryptophan pyrrolase~ an enzyme whose substrate occurs nat-
urally in the mammalian body~ have exhibited several other 
interesting differences. Whereas the former enzyme has 
been shown by Conney to be located in the microsomal fraction 
of the hepatic cell this study showed the latter enzyme to 
be found in the soluble fraction. Other investigations in 
this study have shown that the basal level of benzpyrene 
hydroxylase is insensitive to conditions of ftasting whereas 
the basal level of tryptophan pyrrolase is stimulated by the 
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same conditions. In the light of the demonstrated role of 
the adrenals in the fast-induced increase in tryptophan 
·pyrrolase, it may be concluded that benzpyrene hydroxylase 
is insensitive to corticoids. The direct experiment to 
demonstrate this point has not been performed. It has further 
been shown in this study that the prior administration of 
aminopterin has no significant effect on the maximum induction 
of the hydroxylase enzyme whereas the same treatment suppress-
es the maximum induction of the pyrrolase enzyme. It should 
also be pointed out that the induction of benzpyrene hydroxy-
lase is prolonged, the maximum level not being attained until 
24 hours after administration of the inducer (12), whereas 
the induction of tryptophan pyrrolase is more transient, the 
level of activity reaching a maximum of 5 hours and returning 
to control levels by 10 hours after administration of in-
ducer (46). These data. suggest a fundamental difference 
in the mechanism of induction of these two physiologically 
distinct enzymes. 
... 
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ABSTRACT 
The increase in activity of two hepatic enzymes~ 
tryptophan pyrrolase and benzpyrene hydroxylase~ following 
administration of their respective substrates~ has been 
ascribed to de novo synthesis of protein. For this reason 
agents known to have profound effects on protein synthesis 
in other systems were investigated for their effect on in-
duction of these two enzyme~. Further~ a study was made · 
of the nucleic acid turnover during trypt~phan pyrrolase 
induction. Finally~ food deprivation was investigated for 
its effect on the two enzyme systems. 
Dimethylaminoazobenzene (DMAB) fed to adult rats 
at a level of 0.06% in the diet caused a progressive decrease 
in the basal level of tryptophan pyrrolase over a period of 
42 days and a significant inhibition of the 5 hour-induced 
level of enzyme~ evident as early as 14 days with no further 
changes seen as late as 42 days. After 240 days of feeding~ 
the basal and induced enzyme levels appeared to return to 
control levels. There was seen markedly less enzyme acti-
vity in hepatic tumor tissue from induced rats than was 
found in the adjoining normal-appearing liver. DMAB, 
administered to rats in a single dose of 25 mg/100 gm body 
weight 24 hours before induction, had no significant effect 
on the basal or induced enzyme levels. 
Aminopterin (0.645 mg/100 gm body weight) or 5-
fluorouracil (200 mg/100 gm body weight), given to weanling 
114. 
rats 24 hours before assay~ resulted in a stimulation of the 
basal level of tryptophan pyrrolase and a biphasic effect on 
the tryptophan-induced levels. At 1~ 3~ and 7 hours after 
the inducer both drugs resulted in an augmentation and at 
5 hour.s (~he time of maximum induction in control rats)' 
a suppression of induced enzyme activity. It is suggested 
that the increase in basal activity is corticoid mediated 
and that the alternate augmentation and suppression of in-
duced activity is due to the action of the antimetabolites 
on two components of enzyme induction: non-suppression of 
the corticoid-induced component and suppression of the sub-
strate-induced component. Stimulation of the basal level 
of enzyme by the antimetabolite did not appear to be a 
necessary concomitant of suppression of the 5-hour induct-
ion since 5 amino~ 2-4 bis (benzylamino) pyrimidine had no 
effect on the basal level of enzyme and yet significantly 
suppressed the induced level. 
Aminopterin was seen to exert no significant ef-
feet on the basal or maximum induced levels of benzpyrene 
hydroxylase. 
Feigelson et al. (BBA 32:133~ 1959)~ on the basis of 
their observation of an increased uptake of P32 into RNA 
several hours after the maximum induced levels of tryptophan 
pyrrolase are attained~ have suggested that enzyme induction 
utilizes specific RNA templates which must be resynthesized 
at some time after maximum induction (13-15 hours). These 
observations could not be confirmed in this laboratory. It 
115. 
appears likely that the data of Feigelson et al. may be 
due to the effect of corticoids released by non-specific 
stress. This appeared more reasonable when it was shown 
that cortisone at a dose of 0.5 mg/100 gm body weight 
significantly increased the uptake of p32 into RNA. 
Further evidence makes it untenable that enzyme induction 
utilizes a specific intermediate which must be resynthesized. 
For~ when serial doses of inducer were administered to 
rats at a 5 hour interval~ the second dose of inducer 
produced a response approximately equal to that seen after 
the first dose. This would not be expected if the first 
burst of enzyme induction had used up a critical inter-
mediate. 
Fasting of rats resulted in stimulation of the basal 
levels of tryptophan pyrrolase. Adrenalectomy completely 
abolished the fasting-induced response as did addition of 5% 
glucose to the drinking water, indicating that the increase 
in enzyme was due to stress-mediated adrenal stimulation. 
The data indicate that in the face of a severe negative 
nitrogen balance the rat can~ presumably~ still synthesize 
large amounts of a specific enzyme. On the other hand~ 
fasting was shown to have no significant stimulating effect 
on basal benzpyrene hydroxylase activity. 
....... 
hrent 1 N"~~ : Mr, K,Jw S lltu •, (MUDMg) 
Mr , tuV. c.; ohen 
u, 
• ' 
1.1£1 f..ar.ool : !b~ton J:rl;::l1ah 11111 .'1.:-hno~:~l , fo:.ston, Mlilai!JOelm",.ttlt 
·•rod'llat"d: l')' '1 . 
~; tl'llver lt;r r Mu•• hA.II41t • .,. r11t, Kae.u.o ueet e, 
. '·' '" 
'liBton .IJnl.,. ,.,. • •• ... .. ee~-~. J~.~. . , 1 
• . .. • •• 1 It ;"J", 
, .. .... 1 '")57. 
.lc • ltiUit t 
"" 
• ol • , •relt 
"' 
1 
"' 
Mt '.i:b I 1 • 
